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INTRODUCTION 
Technical information on actual field performance of tractors is 
required for all areas of farm mechanization. This need extends all the 
way from engineers designing tractors and implements to the ultimate 
user, the farmer himself. Often the design of a new tractor or implement 
is based on past experience with acceptable units in the field rather 
than upon actual field performance criteria. Also due to this lack of 
information, the farmers are forced to rely on their experience in 
selecting tractors and matching implements. With many new implement 
types and the rapid escalation in equipment size, farmer experience may 
be of little help in selecting new machines. Farmers have been faced 
with major problems including the complexity of relating all possible 
combinations of soils and vehicles and the lack of performance data in a 
form readily usable by non-experts. The machinery field performance 
parameters which need to be measured in the field include operating 
speed, drive wheel speed, fuel consumption, drawbar pull, and axle 
torque. Wheel slip, drawbar power, and axle power are calculated based 
on these measured parameters. 
The need for simple methods to determine the efficiency and 
performance of farm tractors and equipment in the field suggested the 
development of equipment to measure field performance of tractor-
implement combinations and efficiencies of agricultural operations. 
Before 1950, most of the equipment used to measure the field 
performance was mechanical. As a consequence, these instruments were 
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generally bulky, heavy, difficult to install, and inconvenient to use. 
Since the 1950s, most instrumentation has been electrical. Recently, 
with the advancement in microprocessor integrated circuits (ICs) and easy 
interfacing of input/output (I/O) peripherals, most researchers who have 
been intimately associated with the design and development of 
agricultural equipment have been attracted to the application of this 
electronic technology in agriculture. 
It is now possible to collect data that could not be readily 
obtained in the past for performance evaluation. A number of 
microcomputer based tractor instrumentation systems have been developed. 
These systems vary from one another in equipment, functions, capability, 
and cost. In general the past systems have fallen into two categories; 
those that display data and those that record data. A few researchers 
developed systems to display and record data, but minor difficulties 
still existed and the systems developed were limited in capability and 
not generally transportable to other tractors. 
In this study, a John Deere tractor model 4430 H was instrumented by 
installing the performance transducers on the tractor and interfacing the 
transducers to a 21XL micrologger (Campbell Scientific Inc., 1984) 
installed in the tractor cab. Data were recorded with a tape recorder 
and printed by a printer. Both the recorder and printer were interfaced 
to the micrologger as output peripheral devices. 
A data analysis system was developed to retrieve the data stored on 
the tape recorder and transfer the data onto a mainframe computer for 
analysis. 
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The objectives of this study were: 
1) To develop a data acquisition system to measure and record the 
following tractor field performance variables: field travel 
speed, drive wheel speed, drawbar pull, axle torque, and fuel 
consumption. 
2) To develop a data analysis system to retrieve the stored data 
and analyze the collected data. 
3) To compare draft requirements of three implements and study the 
field performance of the instrumented tractor as affected by 
travel speed, depth, and field slope. 
4) To provide data that would assist in verification of a 
previously developed computer simulation model and to improve 
the prediction of the simulation model. 
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REVIEW OF LITERATURE 
Data Acquisition and Analysis Systems 
Instruments have been used to measure the field performance of 
machines for over 50 years. Before the 1950s most of this equipment was 
mechanical, which usually meant that it V7as bulky, heavy, and difficult 
to install and inconvenient to use. After the 1950s, the systems 
developed tended to be electrical, and recently, due to the development 
of electronic technology, the systems have become more and more 
electronic. A complete data acquisition and analysis system must be able 
to acquire, select, and process data. 
Harter and Kaufman (1979) developed a data acquisition system to 
measure parameters which affect the efficiency of agricultural tractor 
operation. Factors measured in their study were three-point hitch 
forces, drawbar pull, ground and wheel speeds. Forces were measured 
using strain gage transducers. Speeds were measured using a fifth wheel 
with an attached shaft encoder driven by a disk in contact with the outer 
rim of a tractor wheel. The slip and drawbar power were calculated using 
standard equations. The developed system collected data and output the 
average, minimum, and maximum of these values onto a printer. These 
researchers pointed out that simplicity of operation was an outstanding 
feature of the developed system. 
A tractor performance monitoring system was developed by Summers et 
al. (1984) to study the possibility of reducing operating cost by 
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decreasing wheel slip and fuel consumption while maximizing the field 
capacity. An AIM 65 microcomputer was chosen as the base for the 
monitor. The AIM 65 was equipped with a 20 column thermal printer, 20 
column LCD display, and a cassette tape recorder. The developed system 
displayed the performance variables. The fuel flow rate was monitored 
with two Cox Vortex flowmeters. Theoretical forward speed was measured 
by monitoring the engine speed with a magnetic pickup transducer, and 
actual forward speed was measured with a Dicky-john doppler radar unit. 
Drawbar forces were measured using strain gage bridges attached to the 
forward section of the drawbar. The data collection and analysis system 
were monitored with two programs; one in machine language to collect 
data, and one in BASIC to select, display, and store data. Summers and 
his coworkers (1984) concluded that the LCD display was adequate for 
displaying variables during daylight and a mini-cassette tape recorder 
was of acceptable performance for reliable and one time data storage. 
A microcomputer based instrumentation system was designed by Lin et 
al. (1980) to measure engine rpm, ground speed, fuel flow rate, fuel 
temperature, front and rear axle torques and weights, and drawbar pull of 
a small four-wheel drive tractor. The system was based on a Heath H8-
8080A microcomputer. An analog Real-Time Interval (RTI-1200-016) 
interface board was used to receive and send the signals produced by the 
transducers to the microcomputer. Direct current tachometers were the 
transducers used to measure the engine speed, ground speed, and wheel 
speed. The fuel flow rate was measured with Omniflo paddle wheel flow 
transducers which are in-line volumetric flow rate sensing devices 
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utilizing a blade rotor to generate flow information. Because of the 
change in diesel fuel viscosity due to temperature, a temperature 
transducer was used along with the fuel flow transducer, both of which 
were inserted between the fuel filter and the injector pump. Drawbar 
loading, axle loading, and axle torques were all measured with strain 
gage type transducers. The data acquired were dumped onto a cassette 
tape through a serial I/O port. Lin et al. found that a linear 
relationship existed between the variable signals and output voltage of 
the analog to digital converter (RTI-1200-016). 
An on-board microcomputer based instrumentation system was developed 
by Clark and Adsit (1985) to measure field performance of a small four-
wheel drive tractor. The variables measured were engine speed, ground 
speed, fuel flow rate, drawbar pull, and speed, load, and torque of each 
wheel. The microcomputer chosen was a Heath H8 system interfaced to an 
analog to digital device (Real Time Interval, RTI-1200-016). The 
transducer devices were the same as used by Lin et al. (1980). A floppy 
disk storage technique was used for recording data. A few data transfer 
failures were reported as the result of this technique. They pointed out 
that data had to be transferred onto the floppy storage device when the 
tractor was not moving to prevent failure of the data transfer. The 
system was not capable of providing a hard copy of the output data during 
the field tests. 
Grevis-James et al. (1983) used two Rockwell AIM 55 microcomputers 
in developing a system to measure and record the performance variables of 
a tractor. An AIM 65 installed on the tractor received the transducer 
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signals and converted them to digital form, which were displayed and then 
stored on a magnetic tape. The system provided an immediate hard copy of 
the output data with a printer. A second AIM 65 was utilized to read the 
data from the magnetic tape and send it in serial form to another 
computer for analysis. Drawbar pull was measured by strain gages mounted 
at the neutral axis of the drawbar on the sides of a hole drilled through 
the drawbar. Ground and wheel speed transducers were rotary shaft 
encoders which produced a signal proportional to wheel and ground speed. 
Measurement of fuel flow rate was done with a Fluidyne flowmeter capable 
of measuring the fuel flow rate up to 80 L/h. The fuel return line was 
connected back to the main line downstream of the flow meter. Engine 
speed was monitored by using a Hall effect switch triggered by a small 
magnet attached to the pulley mounted on the crankshaft. All transducer 
signals were routed to the AIM 65 via a small interface board. An 
assembly language program was written to monitor the data acquisition 
system. The program enabled the system to record data from a single 
transducer as well as from all transducers for different passes. They 
concluded that the data acquisition system provided data in a form that 
facilitated the use of other computers for interpretation. 
Bedri (1982) designed and built a tractor performance monitor based 
on an Intel 8035 single chip microcomputer. The tractor instrumentation 
system monitored the forward velocity, slip, and fuel flow rate. It took 
a lot of time to design and build the system. Bedri reported that the 
system did not always function properly under tractor noise and vibration 
conditions. 
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Chung (1983) used the same tractor Instrumented by Bedri (1982) and 
developed a new instrumentation system with more capability. In addition 
to the three transducers already attached, he improved the system by 
adding a drawbar pull transducer, two axle torque transducers, a signal 
conditioner, a tape recorder, and an AIM 65 microcomputer. The system 
was later improved in the second stages of work by the addition of a 
three point hitch dynamometer and a more compact and powerful 
microcomputer (RM 65). However, the new system did not provide a hard 
copy of the output since there was no printer available. The fuel flow 
meter did not accurately measure fuel consumption. 
Computer Simulation Model 
A farm manager is influenced by many factors when determining a 
management strategy. These include land, equipment, fuel, labor, and 
other types of resources. The manager may develop an image or model in 
his mind and then apply it in reality. However, he may complete his 
career without ever having an accurate picture of how the various factors 
interact. Research workers are facing the same problem. They must make 
decisions based on the best available information, even though their 
model may be incomplete. The farm tractor consumes approximately 20 
percent of the total on-farm energy requirements (Heichel, 1976). 
Optimizing the performance of agricultural tractors could therefore, help 
in minimizing energy waste. 
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This literature review included the work of some researchers in the 
agricultural engineering field who developed prediction equations 
(Persson, 1969; Zoz, 1970; Wismer and Luth, 1972; and Ozkan and Edwards, 
1983) and mathematical modeling and computer simulations (Davis and 
Rehkugler, 1974; Macnab et al., 1977; and Colvin et al., 1984) in the 
last two decades. Computer modeling and simulation allow the researchers 
to do hypothetical field testing. Even though, the results obtained from 
the prediction equations are only estimates, they allow the researchers 
to determine trends which result from changing the input parameters. 
One of the advantages of simulation is that, even with simplified 
models, the relative importance of various factors such as soil-vehicle 
interaction affecting tractor performance can be determined under dynamic 
conditions via computer modeling without incurring the cost, time, and 
machinery necessary for field tests. 
In this study an attempt was made to assist in verification of a 
computer simulation model, the Integrated Terramechanics-Machinery System 
"TERMS" developed by Colvin et al. (1984). This study is limited to the 
traction performance part of the "TERMS" model with more emphasis on two 
major related factors affecting traction performance: slip of the drive 
wheel and fuel consumption rate. The sources of the mathematical 
equations used in the "TERMS" model for slip and fuel predictions were 
taken from ASAE Standard D230.3 (1983) and Ozkan and Edwards (July 1983), 
respectively. These equations are as follows: 
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Slip prediction 
The predicted slip in decimal form is defined in ASAE Standard 
D230.3 (1983) as: 
1 0.75 
S - Ln ( ) (1) 
0.3 X CN 0.75 - (NDBP/DWL + 1.2/CN + 0.04) 
where : 
S - Slip of driving wheel in decimal 
CN - Wheel numeric, CI x b x d/ DWL 
CI - Cone index, N/cm^ 
b - Unloaded tire section width, 52.8 cm 
d — Unloaded overall tire diameter, 173.7 cm 
DWL — Dynamic wheel load, N 
NDBP - Net drawbar pull, N. 
It is noted that the slip equation uses dynamic wheel load for slip 
prediction, but the TERMS model calls for the total static weight of the 
tractor as an input for dynamic wheel load (DWL). The results and * 
discussion section shows examples of the degree of accuracy obtained from 
the TERMS model. A detailed discussion of the prediction equation for 
dynamic wheel load follows. 
It is generally accepted that weight transfer plays an important 
role in traction phenomena. It has a direct effect on wheel sinkage and 
more important, on net drawbar pull. However, literature on this topic 
is not abundant. The dynamic wheel load may be increased by (i) wheel 
11 
weighting, (ii) tire ballasting, (iii) weight transfer from front wheels 
to the rear wheels, and (iv) weight transfer from implements. The 
dynamic rear wheel load is determined by summing the static rear wheel 
load and the amount of weight transferred. The equations reviewed to 
predict the dynamic wheel load are as follows; 
DBH 
DWL2 - SWL + DBF ( ) (2) 
WB 
[TI - DBF (RRR - DBH) - RRFW (RRR)] 
DWL3 - SWL + (3) 
WB 
[TI - DBF (RRR - DBH) -RRFW (RRR - FRR) ] 
DWL4 - SWL + (4) 
WB 
where : 
DWL2, DWL3, DWL4 - Dynamic wheel load as given by equations 2, 3, 
and 4, respectively, N 
SWL - Static rear wheel load, N 
, DBF - Drawbar pull, N 
DBH - Drawbar height, m 
WB — Wheel base, m 
TI - Torque input to rear axle, N-m 
FRR - Rolling radius of front wheels, m 
RRR - Rolling radius of rear wheels, m, 
RRFW - Rolling resistance of front wheel, N. 
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The second terms on the right hand side of the equations 2, 3, and 4 were 
taken from Barger et al. (1963), Erwin (1961), and Berlage and Buchele 
(1966), respectively. Equation 2 is a very simple relationship that (i) 
ignores torque input to rear axles, (ii) ignores rolling resistance for 
all wheels, and (iii) assumes uniform velocity. Equation 3 is a more 
accurate prediction of dynamic wheel load since the torque input, rear 
wheel rolling radius, and front wheel rolling resistance are considered. 
Equation four includes the front wheel rolling radius since the front 
wheel rolling resistance is considered to act at the center of the front 
axle. 
Fuel prediction 
The fuel consumption for diesel tractors is calculated using 
modified equation given by Ozkan and Edwards (July 1983) as: 
PTOR PTOR 0.5 
FC - 2.35 + 2.04 ( ) - 0.15 (697 x ) (5) 
MPTO MPTO 
where : 
FC - Fuel consumption rate, L/KW-h 
PTOR - Minimum pto power required to satisfy the drawbar power 
requirement, KW, and 
MPTO - Maximum pto power of tractor at rated engine speed, KW. 
The fuel consumption in L/h is obtained by mutiplying the equation 5 by 
PTOR to convert the L/KW-h to L/h. 
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MATERIALS AND METHODS 
A computer based tractor instrumentation system was developed to 
measure factors which affect the efficiencies of agricultural tractor 
operation. Parameters measured were drawbar pull, axle torque, ground 
speed, drive wheel speed, and fuel consumption. The tractor 
instrumentation and data acquisition systems were installed on a John 
Deere farm tractor model 4430H to measure and record the above field 
performance parameters. The wheel slip, drawbar power, and axle power 
were calculated using the standard equations. A data analysis system was 
also developed to analyze the collected data and to assist in 
verification of the computer simulation model "TERMS". 
Tractor Instrumentation System 
After installing the instrumentation on the tractor, it was intended 
to use the tractor in the field to gather information concerning the 
traction performance of the tractor. The following requirements were 
incorporated in the total system development: 
- portability 
- simple operation 
- expansibility of hardware 
- hard copy printer 
- cassette tape recorder 
- variable sample rate and averaging. 
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With these considerations in mind, the total system was developed with 
software programming to control the data acquisition system for 
accomplishing the above task. 
Transducers 
The tractor instrumentation system included seven transducers. The 
ground and wheel speed transducers were already attached and used for a 
previous systems (Bedri, 1982). The drawbar pull and axle torque 
transducers were developed by John Deere Co. In addition, one radar 
speed and two fuel flow transducers were added to complete the 
instrumentation system of the tractor. The individual components of the 
tractor-installed system are as follows: 
Velocitv measurement The velocity at which the tractor and 
implement are moving over the ground is the actual velocity. The 
velocity measured with a conventional speedometer that does not take into 
consideration the varying slippage of the drive wheel in the theoretical 
or drive wheel velocity. 
Actual velocitv The ground speed transducer was an Airpax 
(North American Philips Control Corp.) magnetic pickup model 087-304-0044 
monitoring a ferrous gear that turned with the wheel (Fig. 1). The 
magnetic pickup outputs a pulse as each gear tooth passes the transducer; 
therefore each pulse represents a fixed circumferential distance. 
The gear was selected by Bedri (1982) considering the fact that every 
output pulse per second of the front wheel transducer represents 0.1609 
km/h. This resulted in a distance of 4.47 cm traveled for each pulse 
15 
MOUNTING BRACKET 
m 
RECOMMENDED SPACING 
Figure 1. Magnetic pickup with ferrous gear 
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(4.47 cm/pulse) output of the magnetic pickup. Bedri (1982) determined 
the distance per revolution for the front wheel by measuring the distance 
traveled by the tractor at 0.8 km/h for 11 complete revolutions. An 
average distance of 291 cm was measured for each revolution of the front 
wheel, resulting in 4,47 cm/pulse from the 65 tooth gear. The transducer 
mounting is shown in Figure 2. The magnetic pickup was attached to a 
mounting plate with spacers. 
A second transducer installed on the tractor for actual speed 
measurement was a radar sensor model 8080-4615B with a speed indicator 
model 9050-5624 (TRW Eagle Control Divisions). The radar speed sensor 
provided a conditioned output signal whose frequency was directly 
proportional to the actual speed (Fig. 3). The radar speed sensor unit 
consists of an antenna/transition section, dielectric radome/lens, and a 
receiver. The transmitter of the radar unit sends continuous signals and 
the receiver also continuously detects the return signals reflected by 
the target. When the tractor does not move, the reflected signals 
detected by the receiver will be of the same frequency as the transmitted 
signal (Fig. 4). When the tractor moves, the change in the path length 
for transmitted and received signals produces a change in the frequency 
of the return signal as compared to the transmitted signals. The 
difference between transmitted and received signal frequencies varies 
proportionally to the tractor velocity toward or away from the reflected 
target. The radar principle of operation, explained by Tsuha et al. 
(1982), provided the equation for calculating the actual velocity as 
follows : 
Axle 
Housing 
I 11 
Magnetic Pickup 
Axle 
=1 
J 
-Ferrous Gear 
Figure 2. Wheel speed transducer mounting 
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Figure 3. TRW radar speed transducer 
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Figure 4. Operational principle of radar 
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WL 
Va - X f(j (5) 
2 X Cos (0) 
where : 
Va - Actual velocity, m/s 
WL - Transmitted wavelength, m 
0 - Antenna viewing (mounting) angle, radian, 
— Frequency difference between transmitted and returned signals, 
Hz. 
The radar was mounted on the right side of the tractor at the 
recommended angle of 37 degree facing rearward as shown in Figure 5. The 
manufacturer (TRW) calibrated the radar and reported a calibration factor 
of 35.7 Hz-h/km with the unit mounted at the specified angle. The speed 
indicator was attached to the front panel inside the tractor cab for easy 
viewing of measured actual velocity as determined by the radar unit. 
Theoretical velocity The rear wheel speed was measured with 
a second magnetic pickup and a ferrous gear with 122 teeth determined 
with the same procedure used for front wheel gear. The rear wheel gear 
was mounted on the right rear axle adjacent to the housing while the 
magnetic pickup was fastened to the housing. Wheel slip of the rear 
wheel is a power loss to the tractor and is defined by Wismer and Luth 
(1972) as: 
Va 
---- (6) 
Vt 
5. Radar =paed transducer .ountlng 
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where : 
S - Rear wheel slip, decimal 
Vg - Actual velocity, km/h 
V(. - Theoretical velocity in km/h, which is equal to r x w / 2.654 
r - Rolling radius of rear wheel, m, and 
w - Angular velocity of rear wheel, rpm. 
The rolling radius is defined in ASAE Standard S296.2 (1983) as the 
distance traveled per revolution of the traction device divided by 27? 
when operating at a specified zero condition. The zero conditions are 
defined as those of zero net drawbar pull or zero input torque to the 
traction device. The rolling radius was measured at zero net drawbar 
pull. 
Drawbar pull The drawbar pull transducer was a John Deere 
dynamometer model 39X12218 shown in Figure 6. The sensing element 
consisted of four electrical strain gages on a steel ring 37 mm high, 25 
mm thick, and 125 mm in outside diameter. The calibration reported by 
John Deere showed a linear relationship between the load applied and the 
measured strain with a sensitivity of 2.4 E-5 mV/V/N. The dynamometer 
was recalibrated with a hydraulic testing machine with an accuracy of 
+44 N. Figure 7 shows the calibration curve and the equation derived 
from the calibration test for determining the drawbar pull. The drawbar 
power is calculated using the following expression: 
DBF X Va 
DBRPR - (7) 
3.6 
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Figure 6. Drawbar pull transducer with gages attached 
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Figure 7. Drawbar pull calibration curve 
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where : 
DBRPR •» Drawbar power, watts 
DBF - Drawbar pull, N, and 
Va - Actual velocity, km/h. 
Axle torque Axle torques were measured by two transducers 
installed on a specially configured axle by John Deere Co. The 
transducers consisted of four strain gages bonded to the shaft in the 
plane of maximum shear strain at a 45 degree angle with respect to the 
shaft axis (Fig. 8). Strain gages bonded to each axle were arranged so 
that they constituted a wheatstone bridge circuit. Four conductors were 
extended to the end of the axle shaft, where a slip ring was installed. 
Two L-shaped conduits were mounted above the rear wheels, one on each 
side, to carry the conductors from slip rings to the data acquisition 
system placed inside the tractor cab. The reported calibration factor by 
John Deere was not used since the strain gages were replaced due to the 
malfunctioning of the transducers. The axle torque transducers were 
calibrated in the laboratory by applying a load on an extended arm 
attached to the axles as shown in Figure 9. The calibration was carried 
out for both axles and the calibration factors were found for the left 
and right axles as shown in Figure 10. The axle power was determined as; 
TI X Vt 
AXLEPR -
RRR X 3.6 
( 8 )  
26 
/ -
- / 7 V/ 
Figure 8. Axle torque transducer with gage configuration 
Rear Wheel 
Applied Load 
F ixture 
ro 
Figure 9. Axle torque calibration setup 
Axle Torque Calibration 
T (KN-m)= 0.14 (KN-m) +16.0 x SR (KN-m) 
4.0 
3.5 -
3.0 -
2.5 -
2.0 -
1.5 -
1.0 -
0.5 -
0.0 -# 
0 0.24 0.04 0.12 0.16 0.2 0.08 
Scale Reading (SR. mV/V/KN—m) 
Figure 10. Axle torque calibration curve 
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where : 
AXLEPR - Axle power, watts 
TI - Axle torque, N-m 
Vt - Theoretical velocity, km/h, 
RRR - Rolling radius of rear wheels, m. 
Fuel flow The fuel flow rate was monitored with two Micro Oval 
flow transducers model LS-4150 (Brooks Instrument Division). Each flow 
transducer consisted of two rotating oval gears (Fig. 11) with the top 
gear having a magnet which actuated a reed switch as it rotated. The 
reed switch normally stayed open and was closed by the passage of the 
magnetic field provided by the magnet in the top gear. These units were 
capable of measuring the flow rate of fuel ranging from 2-40 L/h with an 
accuracy of +1 percent of the flow rate. One fuel transducer was 
inserted between the fuel filter and the injector pump in the inlet fuel 
line, and the other was inserted in the return fuel line between 
injectors and supply fuel tank (Fig. 12). The units provide a pulse for 
every 1.0 cm^ of fuel flow according to the manufacturer's calibration 
report. However, a calibration test was conducted in the laboratory to 
check the accuracy of the units. The calibration was conducted by 
measuring the fuel flow rate using a graduated cylinder and a stop watch. 
The measured fuel flow rate was then compared with the flow rate recorded 
by the transducers. Almost perfect agreement (R-Square - 0.9998) was 
found between the two values after the tests. The fuel flow transducer 
output pulse was proportional to the fuel flow rate, therefore, fuel 
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Figure 12. Diagram of fuel flow transducer locations 
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consumption rate of the tractor was determined by the difference in the 
amount of fuel that flowed to the injectors and the fuel returned to the 
supply tank. A complete wiring diagram of the transducers to the 21XL is 
shown in Figure 13. 
Data Acquisition System 
The data acquisition system developed consisted of a 21XL 
Micrologger, a digital tape recorder, and a printer (Fig. 14). The 
system was placed on a plywood board (30 cm x 76 cm) in the cab in front 
of the operator for easy access to the system. The descriptions of the 
individual components of the system are as follows : 
21XL Micrologger 
The 21XL is a battery powered precision datalogger. The term 
"MICROLOGGER" is descriptive of this MICRO-computer based dataLOGGER's 
MICRO-size, MICRO-power, and MICRO-volt sensitivity. It is based on a 
Hitachi 6303 CMOS 8-bit microprocessor (Campbell Scientific Inc., 1984). 
The 21XL micrologger has 56K of memory; two 8K Programable Read Only 
Memories (PROM), five 8K Random Access Memories (RAM), and is expandable 
to 64K by adding either 8K of PROM or 8K of RAM. The 21XL includes a 
clock, multimeter, calibrator, analog to digital converter, frequency 
counter, controller, and signal generator all in one box with dimensions 
of 20 cm x 25 cm X 12 cm which weighed 2.8 kg. The 21XL panel had a 16 
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Figure 13. Interface wiring diagram of transducers to 21XL 
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Figure 14. Data acquisition system; 21XL Micrologger (upper 
left), digital tape recorder (lower left), and 
thermal printer (right) 
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digit keyboard for entering programs and commands, and a 9-pin serial 
Input/Output port for interfacing to peripherals (cassette tape recorder, 
printer, etc.). Data and programs could be viewed on the 8 digit LCD 
display. The panel also had two terminal strips. The upper strip was 
for connecting voltage output transducers, this strip provided 16 single 
ended or 8 differential channels (any pair configurable as a differential 
input). These channels could be extended by using an AM32 Relay Scanner 
Multiplexer which provided 32 differential channels through a single 21XL 
differential channel. Up to 6 AM32-RSM could be added to the 21XL for 
additional analog channels. The lower strip provided channels for pulse 
output transducers, excitation voltages, constant analog outputs, a +12 
volts and a ground terminal, that could provide power for the transducers 
or could be used as input power terminal for an external +12 volt battery 
to maintain system power while supplying power to the transducers. The 
21XL had 23 instructions for measurement and control outputs, 39 
instructions for data processing, and 9 instructions for program control. 
Data storage included 28 locations for input and user processing data, 64 
locations for intermediate values, and 896 final storage locations. 
CR56 Printer 
The model CR56 printer was a portable thermal printer (Campbell 
Scientific Inc., 1984) which provided hard copy printout from the 21XL. 
The CR56 printer could also print data stored on cassette tape if the 
data stored on the tape was in ASCII-CSI Format I. A built-in paper roll 
take up allowed unattended operation when the CR56 printer was connected 
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to the 21XL for extended periods. The CR56 printer weighed about 4.5 kg 
and had dimensions of 17 cm x 22 cm x 12 cm. 
CCR-82 Digital tape recorder 
A CCR-82 Tandy digital tape recorder (TANDY Corporation, 1983) was 
used for data recording. This unit and a standard cassette tape were 
utilized for data recording from the 21XL through the special SC92 
interface cable that connected the CCR-82 digital tape recorder to the 
serial Input/Output port of the 21XL. Data were stored in a binary 
format using error detection and correction codes for maximum 
reliability. Storage capacity of one side of a standard C-60 cassette 
tape was 180,000 data values at 16 bits per value. The tape recorder 
could be left with the 21XL for data recording or used as a transfer 
device to collect the data previously stored in the 21XL's internal 
memory (final storage). 
Software programming 
Programming of the system was done in two languages. A Direct 
Instruction Coded language program in CSI Format was written to collect 
the data while a BASIC program was used to select and prepare the data 
for analysis. The Direct Instruction Coded language program also 
controlled the operation of the data acquisition system during data 
collection in the field. Appendix III provides a detailed discussion of 
the programming and operation of the instrumentation system. The data 
were collected by receiving the signals from the transducers and 
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converting them to digital values through the analog to digital 
converter. The data values were stored in the input storage. The data 
stored were processed with intermediate processing instructions (i.e., 
arithmetic, conversion, etc.). After processing, the data were sent to 
the output processing instructions for sampling, averaging, etc., and 
then stored in the final storage locations for on-line transfer to an 
external device. 
The program also controlled the rate at which the data were 
averaged, sent to an external device, and stored in the final storage 
locations for further retrieval. The program generated an immediate hard 
copy output of the data through the printer and dumped the data onto the 
cassette tape. The data dump onto cassette tape was initiated in two 
forms, continuous and residual dumps. The data dump from the final 
storage locations of the 21XL was initiated by the program in continuous 
mode, but in residual mode, a data dump onto cassette tape was initiated 
when 512 locations of final storage were filled. The data were stored on 
the tape in CSI format II (binary, 9600 baud). Both continuous and 
residual dumps were available for hard copy printout in CSI Format I 
(ASCII, 300 baud). Also through the software program, the peripheral 
hardware was controlled. It was possible to set the system operation so 
that data could be transferred onto cassette tape, printer, or both. 
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Data Analysis System 
A data analysis system was developed to retrieve the data collected 
in the field from the cassette tape and transfer it to a computer for 
statistical and graphical analysis. A complete block diagram of the 
system is shown in Figure 15. The left column was the order in which the 
data analysis system was set up, and the right column was the set up for 
data acquisition system on the tractor. The components of the data 
analysis system were a CCR-82 Tandy cassette tape recorder, a model C20 
cassette computer interface system (Campbell Scientific Inc., 1984), and 
a microcomputer interfaced to a main frame computer through a modem. 
Data were transferred from cassette tape to the microcomputer using 
the model C20 interface system. The C20 interface system included two 
RS232 ports for interfacing to any type of computer. Baud rate, format, 
parity, and port assignment were selectable through front panel switches. 
There were eight possible baud rate settings ranging from 110 to 19200. 
The C20 was 23 cm by 21 cm by 14 cm in size and weighed 2.8 kg. 
A program was written in BASIC to control the system data transfer 
operation. The program was run on an IBM compatible machine for data 
retrieval from cassette tape and storage of the data on the microcomputer 
floppy diskette. The program advanced the cassette tape (in playback 
mode), read the data from the cassette tape at a baud rate of 9600, and 
sent it to the C20 interface system. The data format was changed in the 
C20 processor from CSI Format II to the ASCII format and transferred to 
the microcomputer floppy diskette through the RS232 cable. The stored 
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Figure 15. Block diagram of instrumentation system 
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raw data on the microcomputer were reduced to usable data through 
available software for the microcomputer and then were dumped to the 
mainframe computer for further analysis. 
The data acquisition system displayed and recorded the data 
including day, time, drawbar pull, axle torque, fuel flow rate, 
temperature, actual speed, theoretical speed, and drive wheel speed. The 
stored format of the data provided by the microcomputer is shown in 
Figure 16. The data acquisition system recorded the data on the tape and 
provided a hard copy printout of the data through the printer every 10 
seconds. The system operator was required to do the residual dump of the 
data to the cassette tape or the printer. Data samples were scanned 
every second and averaged 10 times before data were sent to the cassette 
tape or printer. Therefore, data values shown in Figure 16 represented 
an average of 10 data points. The 10 seconds execution (averaging) time 
was selected for data collection since the printer was the limiting 
factor. The results were analyzed using statistical and graphical 
packages available. 
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RESULTS AND DISCUSSION 
A computer based instrumentation system was installed on a John 
Deere farm tractor model 4430H to measure and record as well as provide a 
hard copy printout of the tractor field performance parameters. The 
dependent variables considered in this study were drawbar pull, axle 
torque, fuel flow rate, actual speed, theoretical speed, and drive wheel 
slip. A complete schematic of the computer based tractor instrumentation 
system is shown in Figure 17. The system development was divided into 
three parts: tractor transducer installation, data acquisition, and data 
analysis systems. 
Test Procedure 
The instrumented tractor was tested in the field by conducting a 
series of experiments under different terrain and operating conditions. 
The first experiment compared the draft requirements as well as other 
measured dependent variables of three implements; a 4.6 m disk, a 3.7 m 
chisel, and a 6-row planter. The effects of operating factors such as 
speed, depth, and slope were studied in the next two experiments, using 
the disk implement only. The fourth experiment was conducted to study 
the effect of different tillage systems on soil condition. And finally, 
data were selected from these experiments for specific conditions to 
assist in verification of the computer model "TERMS". 
Experiments were conducted by taking the instrumented tractor to the 
field and loading the saved operating system program from cassette tape 
Data Aquisition System 
Return Fuel Flow Transducer 
Front Wheel Speed Transducer 
Radar Transducer 
Input Fuel Flow Transducer 
Axle with Mounted Transducer 
Drive Wheel Speed Transducer 
Drawbar Pull Transducer 
Figure 17. Tractor with transducers and data acquisition system 
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into the 21XL micrologger RAM. The program was run for an execution 
interval of 10 seconds for all the tests. Data were collected and stored 
on the cassette tape. Also the system provided a hard copy print out of 
the data. Both continuous and residual methods of data dumping were 
used, with the continuous method during and residual method after each 
experiment. It took about 4 minutes to complete a pass on each test plot 
of 90 m long by 5 m wide (Figure 18). All the test plots were of the 
same size through the entire course of the experiments with the exception 
that the fourth experiment took place at another location. Soil samples 
were taken at randomly assigned locations over the field as shown in 
Figure 18 before an experiment was started. A tractor mounted soil 
column sampler was used to collect 30 cm deep soil samples. Each column 
was divided vertically into 6 samples of 5 cm in length. The soil 
moisture contents ranged from 13.0 % to 26.0 %, dry basis. The soil cone 
index (force per unit area required to push the penetrometer through the 
soil) was measured with a cone penetrometer (30 degree cone, 12.84 mm in 
diameter; ASAE Standard S313.1). Cone index values in 5 cm increments 
down to 50 cm depth were recorded. Cone index values ranged from 20 
N/cm^ to 122 N/cm^ with the maximum cone index value at 15 cm depth. The 
data collected were transferred from cassette tape onto the microcomputer 
diskette through the C20 interface system. The data analysis system was 
used to transfer the data onto a main frame computer for processing and 
analysis. 
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Data Analysis and Results 
The instrumented tractor was tested in the field by conducting a 
series of experiments to compare the draft requirements and other 
dependent variables of three implements, to study the effect of operating 
factors such as depth, speed, and slope on field performance of the 
instrumented tractor using the disk implement, and last, to study the 
effect of three tillage systems used in two field crops on field 
performance of the instrumented tractor. Data were selected from these 
experiments to assist in verification of the "TERMS" model. The data 
analysis system was employed to analyze the collected data. 
Experiment one : Implements 
The instrumented tractor was tested in the field by conducting the 
first experiment to test the instrumentation and further compare the 
field performance of the tractor with the implements employed. The 
implements used in this experiment were; a 4.6 m disk, a 3.66 m chisel, 
and a 6-row planter. This experiment was conducted on a harvested crambe 
crop field with sandy loam soil near Ames, Iowa. The slope of the field 
ranged from zero to 5 % on average. The soil moisture content for this 
experiment ranged from 13.94 % to 17.40 %, dry basis and cone index 
values ranged from 40 N/cm^ to 114 N/cm^. 
The experimental design chosen for this experiment was a randomized 
complete block with 3 implements as the main treatments, 3 slopes (-5 %, 
zero, and 5 %) as the block and 3 replications. The tractor field 
performance data for this experiment are listed in Table 13 of Appendix 
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I. The effect of the three implements at different slopes on drawbar 
pull is shown in Figure 19. Each bar represents the average draft 
requirement (equal and opposite to drawbar pull) of 3 replications 
collected for each slope. Draft requirement for disk implement was 
slightly higher at -5 % slope compared to +5 % slope. Statistical 
analysis of variance was employed to investigate the effect of implements 
and slopes on the dependent variables measured. These variables were 
drawbar pull, axle torque, fuel flow rate, and drive wheel slip. Tables 
1.1 through 1.8 show the analysis of variance for the dependent variables 
measured. Duncan's multiple range test was used for the variables that 
were statistically significant. Statistical analysis of variance tests 
were done at 1 % and 5 % probability level. The F-Value was calculated 
as the sum of squares of the corresponding factor being tested divided by 
sum of squares of the error term. The PR > F value was obtained from 
probability Table given by Steel and Torrie (1980). 
The effect of implements was significant on all the dependent 
variables measured. The chisel required the most draft while axle 
torque, fuel flow rate, and drive wheel slip were also highest for this 
implement. The chisel and disk were not significantly different in fuel 
flow rate, but the difference was significant when the fuel flow rate 
required for the chisel or disk was compared with the planter. 
The effect of slope was only significant on the slip, but when the 
other dependent variables were tested, slope did not show any significant 
effect. There were measured differences in axle torque and fuel flow 
rate due to the slope, but these were not statistically significant. 
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Figure 19. Required draft bar graph for three implements 
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Table 1.1. Analysis of variance for experiment #1 - implements 
Dependent variable: Drawbar pull (N) 
Source DF Sum of Squares F-Value PR > F 
Implement 2 939780976 168.53 0.0001* 
Slope 2 1208180 0.22 0.8141 
Error 4 11152673 
Corrected total 8 952141830 
* Significant at 1 percent probability level. 
Table 1.2. Duncan multiple range test for experiment #1 - implements 
Dependent variable: Drawbar pull (N) 
Implement Mean Grouping* 
Chisel 28830 A 
Disk 14248 B 
Planter 3921 C 
* Means with the different letter are significantly different at 
5 percent probability level. 
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Table 1,3. Analysis of variance for experiment #1 - implements 
Dependent variable; : Axle torque (N-m) 
Source DF Sum of Squares F-Value PR > F 
Implement 2 687551622 227.53 0.0001* 
Slope 2 17909368 5.93 0.0637 
Error 4 6043565 
Corrected total 8 711504556 
* Significant at 1 percent probability level. 
Table 1.4. Duncan multiple range test for experiment #1 - implements 
Dependent variable: Axle torque (N-m) 
Implement Mean Grouping* 
Chisel 26643 A 
Disk 14446 B 
Planter 5306 C 
* Means with the different letter are significantly different at 
5 percent probability level. 
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Table 1.5, Analysis of variance for experiment #1 - implements 
Dependent variable: Slip (%) 
Source DF Sum of Squares F-Value PR > F 
Implements 2 718.46 256.63 0.0001* 
Slope 2 20.18 7.21 0.0472** 
Error 4 5.60 
Corrected total 8 744.24 
* Significant at 1 percent probability level 
** Significant at 5 percent probability level. 
Table 1.6. Duncan multiple range test for experiment #1 - implements 
Dependent variable: Slip (%) 
Implement Mean Grouping* 
Chisel 24.20 A 
Disk 9.46 B 
Planter 2.82 C 
Slope (%) Mean Group ing** 
5 13.69 A 
0 12.67 A B 
-5 10.13 B 
* Means with the different letter are significantly different at 
5 percent probability level. 
** Means with the same letter are significantly different at 
5 percent probability level. 
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Table 1.7. Analysis of variance for experiment #1 - implements 
Dependent variable; Fuel consumption (L/h) 
Source DF Sum of Squares F-Value PR > F 
Implement 2 29.59 29.66 0.0040* 
Slope 2 4.77 4.78 0.0870 
Error 4 2.00 
Corrected total 8 36.36 
* Significant at 1 percent probability level. 
Table 1.8. Duncan multiple range test for experiment #1 - implements 
Dependent variable: Fuel consumption (L/h) 
Implement Mean Grouping* 
Chisel 19, ,44 A 
Disk 18, ,72 A 
Planter 15, ,29 B 
* Means with the same letter are not significantly different 
at 5 percent probability level. 
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Experiment two : Speed 
This experiment was conducted in November, 1986 at the same location 
where experiment one was conducted. The soil was tilled 4 months before 
this experiment was conducted. Soil samples for moisture content 
determination were collected using a hand held core sampler 2.5 cm in 
diameter. Samples were collected randomly through the field to 30 cm 
deep. The soil cone index was measured with the same penetrometer used 
for the first experiment. The soil moisture content ranged from 15.2 % 
to 25.5 %, dry basis. The soil cone index measured ranged from 25.2 to 
122.0 N/cmZ. 
A randomized complete block design was selected with three levels of 
speeds, three blocks (-5 %, zero, and 5 % slope), and three replications. 
Treatments were the speeds at 6.0 km/h, 9.5 km/h, and 13.0 km/h. These 
treatments were randomly assigned in each experimental unit (3 
experimental units in each block). The disk implement was used in this 
experiment as a load. 
Statistical analysis was performed using the analysis of variance 
technique to study the effect of different speeds and slopes on the 
dependent variables measured with instrumentation installed on the 
tractor. Tables 2.1 through 2.7 show the statistical analysis for this 
experiment. The analysis of variance test (Table 2.1) showed no 
significant effect of speed or slope on the drawbar pull. The slope 
effect was significant on axle torque as shown in Table 2.2 and the 
relative difference of the effect of slope is shown in Table 2.3. It is 
noted that Table 2.3 showed a significant effect of slope at zero and -5 
% slope, and 5% and -5 % slope. But no significant effect was found 
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Table 2.1. Analysis of variance for experiment #2 with disk 
implement only - speed 
Dependent variable; ; Drawbar pull (N) 
Source DF Sum of Squares F-Value PR > F 
Speed 2 3259454 2.49 0.1986 
Slope 2 2578564 1.97 0.2540 
Error 4 2919907 
Corrected total 8 8457925 
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Table 2.2. Analysis of variance for experiment #2 with disk 
implement only - speed 
Dependent variable; ; Axle torque (N-m) 
Source DF Sum of Squares F-Value PR > F 
Speed 2 2160776 2.09 0.2391 
Slope 2 8528961 8.25 0.0381* 
Error 4 2067921 
Corrected total 8 12757659 
* Significant at 5 percent probability level. 
Table 2.3. Duncan multiple range test for experiment #2 with disk 
implement only - speed 
Dependent variable: Axle torque (N-m) 
Slope (%) Mean Grouping* 
0 22349 A 
5 21994 A 
-5 20129 
• 
B 
* Means with the same letter are not significantly different 
at 5 percent probability level. 
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Table 2.4. Analysis of variance for experiment #2 with disk 
implement only - speed 
Dependent variable; ; Slip (%) 
Source DF Sum of Squares F-Value PR > F 
Speed 2 5.47 5.23 0.0766 
Slope 2 21.50 20.54 0.0079* 
Error 4 2.09 
Corrected total 8 29.07 
* Significant at 1 percent probability level. 
Table 2.5. Duncan multiple range test for experiment #2 with disk 
implement only - speed 
Dependent variable: Slip (%) 
Slope (%) Mean Grouping* 
0 21.41 A 
5 20.94 A B 
-5 17.92 B 
* Means with the same letter are not significantly different 
at 5 percent probability level. 
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Table 2.6. Analysis of variance for experiment #2 with disk 
implement only - speed 
Dependent variable; ; Fuel consumption (L/h) 
Source DF Sum of Squares F-Value PR > F 
Speed 2 154.39 30.69 0.0037* 
Slope 2 2.35 0.47 0.6573 
Error 4 10.06 
Corrected total 8 166.80 
* Significant at 1 percent level. 
Table 2.7. Duncan multiple range test for experiment #2 with disk 
implement only - speed 
Dependent variable: Fuel consumption (L/h) 
Speed (km/h) Mean Grouping* 
13.0 29, .92 A 
9.5 26, ,70 A 
6.0 19, VO
 
00
 
B 
* Means with the same letter are not significantly different 
at 5 percent probability level. 
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on axle torque for zero and 5 % slope. The higher value of axle torque 
at zero percent slope compared to 5 % could be due to the soil physical 
properties since the zero percent slope location was 100 m away from the 
other two locations and the moisture content for zero percent slope was 
about 6% higher in comparison to the other two locations (Table 5.1). 
The drive wheel slip was affected by both the speeds and slopes. 
Table 14 in Appendix I lists the tractor field performance data for this 
experiment. The effects of these parameters are shown in Tables 2.4 and 
2.5. The effect of speed on the slip was not significant, however, the 
measured slip was higher at 13.0 km/h compared to the slip value at 6 
km/h. The comparison of slip values at 13.0 km/h and 9.5 km/h or at 9.5 
km/h and 6.0 km/h did not show any significant effect of speed. The 
effect of slope compared at zero and 5 % slope or at 5 % and -5 % slope 
did not show any significant effect on the drive wheel slip, but a 
significant effect was found when the slip values corresponding to the 
slopes of zero and -5 % were compared. The effect of speed on fuel 
consumption rate at 6.0 km/h was found significant as compared to the 
fuel consumption at 9.5 km/h or 13.0 km/h. Fuel consumption rate was not 
statistically different when the different slopes were compared. 
Experiment three : Depth 
The third experiment was conducted adjacent to the second experiment 
site on a location of nearly zero to 1% slope. The purpose of this 
experiment was also to test the validity of the data collected with the 
instrumented tractor as well as to study the effect of depth and speed on 
the measured dependent variables. In this experiment, only the disk 
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implement was employed to collect the data. The target depths were zero 
(reference point), 5 cm, and 10 cm for the selected implement. The zero 
depth referred to the case where the disk was pulled with the tractor 
without any tillage work being done. The reason for this selection was 
to establish a reference point as well as to increase the number of 
treatments in the experiment for the analysis. Three speeds; 6.0 km/h, 
9.5 km/h, and 13,0 km/h were selected for this experiment. As in the 
previous experiments, a randomized complete block design with three 
treatments (depths), three blocks (speeds), and three replications was 
selected. Soil moisture content and resistance were the same as in the 
second experiment since the experimental sites were adjacent to each 
other and the tests were conducted the same day. The depth was adjusted 
by the hydraulic control system on the tractor before the passes and was 
measured following the passes using a marked stick. The reference depth 
was the undisturbed soil surface adjacent to the tilled area. 
Based upon the collected data in this part of the study, the effect 
of depth and speed on draft requirement, axle torque, fuel flow rate, and 
drive wheel slip were studied. Table 15 of Appendix I shows the 
collected data for field performance comparisons. The analysis of 
variances and Duncan's multiple range tests (Tables 3.1 through 3.8) were 
the results of the statistical analysis. The effect of depth on measured 
dependent variables (drawbar pull, axle torque, fuel flow rate, and drive 
wheel slip) was significant in general, with the exception that it was 
not statistically significant when comparisons were made between 10 cm 
and 5 cm or between 5 cm and zero for fuel consumption, but it was 
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Table 3.1. Analysis of variance for experiment #3 with disk 
implement only - depth 
Dependent variable: Drawbar pull (N) 
Source DF Sum of Squares F-Value PR > F 
Depth 2 628423489 31.60 0.0035* 
Speed 2 29232587 1.47 0.3323 
Error 4 39779604 
Corrected total 8 697435680 
* Significant at 1 percent probability level. 
Table 3.2. Duncan multiple range test for experiment #3 with disk 
implement only - depth 
Dependent variable: Drawbar pull (N) 
Depth (cm) Mean Grouping 
10 22297 A 
5 12208 B 
0 1829 C 
* Means with the different level are significantly different at 
5 percent probability level. 
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Table 3.3. Analysis of variance for experiment #3 with disk 
implement only - depth 
Dependent variable; : Axle torque (N-m) 
Source DF Sum of Squares F-Value PR > F 
Depth 2 418206368 42.67 0.0020* 
Speed 2 24681434 2.52 0.1960 
Error 4 19603791 
Corrected total 8 462491593 
* Significant at 1 percent probability level. 
Table 3.4. Duncan multiple range test for experiment #3 with disk 
implement only - depth 
Dependent variable: Axle torque (N-m) 
Depth (cm) Mean Grouping* 
10.0 21760 A 
5.0 13897 B 
0.0 5072 C 
* Means with the different letter are significantly different at 
5 percent probability level. 
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Table 3,5. Analysis of variance for experiment #3 with disk 
implement only - depth 
Dependent variable; ; Slip (%) 
Source DF Sum of Squares F-Value PR > F 
Depth 2 305.39 47.17 0.0017* 
Speed 2 16.61 2.57 0.1919 
Error 4 12.95 
Corrected total 8 334.95 
* Significant at 1 percent probability level. 
Table 3.6. Duncan multiple range test for experiment #3 with disk 
implement only - depth 
Dependent variable: Slip (%) 
Depth (cm) Mean Group ing* 
10.0 19.92 A 
5.0 11.77 B 
0.0 5.70 C 
* Means with the different letter are significantly different at 
5 percent probability level. 
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Table 3.7. Analysis of variance for experiment #3 with disk 
implement only- depth 
Dependent variable: Fuel consumption (L/h) 
Source OF Sum of Squares F-Value PR > F 
Depth 2 264.08 11.95 0.0205* 
Speed 2 117.71 5.75 0.0745 
Error 4 44.18 
Corrected total 8 432.33 
* Significant at 5 percent probability level. 
Table 3.8. Duncan multiple range test for experiment #3 with disk 
implement only - depth 
Dependent variable: Fuel consumption (L/h) 
Depth (cm) Mean Grouping* 
10 26.08 A 
5 20.24 A B 
o' 12.84 B 
* Means with the same letter are not significantly different at 
5 percent probability level. 
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significant when the 10 cm depth was compared with the reference depth. 
The different operating speed levels in this experiment did not show any 
significant effect on the dependent variables except for fuel flow rate. 
The fuel flow rate was affected by the speed only for the case where the 
fuel flow rate was compared at the speed of 6.0 km/h and 13.0 km/h. 
Experiment four: Tillage svsterns 
This experiment was conducted on a field with silty clay loam soil 
near Burlington, Iowa. In this experiment, the effect of three tillage 
systems on the dependent variables was studied. The tillage systems were 
conventional (fall plowing and secondary tillage in the spring). Reduced 
(fall disking and secondary tillage in spring), and No-till (slot 
planting in the previous crop's residue). The experiment was conducted 
with the experimental layout shown in Figure 20. Three replications were 
made for three tillage systems in both field X with soybean stubble and 
field Y with corn stubble. 
In this experiment, a disk was used as the implement to collect 
data. In Table 16 of Appendix I, the data collected are listed. 
Analysis of variance was performed to obtain the statistical information 
listed in Tables 4.1 to 4.5 for the measured dependent variables. A 
significant effect was found only for fuel consumption between tillage-
crop interaction as shown in Tables 4.4 and 4.5. The higher fuel 
requirement was due to the high moisture content of the field plot noted 
as the experiment was in progress. In general, the effect of tillage 
systems, crops, or their interaction on soil condition was not 
significant for the measured dependent variables. 
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No-till Rep 1 Reduced Rep 1 
Reduced Rep 1 No-till Rep 1 
Conventional Rep 1 Conventional Rep 1 
Reduced Rep 2 No-till Rep 2 
No-till Rep 2 Conventional Rep 2 
Conventional Rep 2 Reduced Rep 2 
Conventional Rep 3 No-till Rep 3 
Reduced Rep 3 Reduced Rep 3 
No-till Rep 3 Conventional Rep 3 
Field Y (Corn Stubble) Field X (Soybean Stubble) 
Figure 20. Experimental site with tillage systems replications 
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Table 4.1. Analysis of variance for experiment #4 with disk 
implement only - tillage 
Dependent variable: Drawbar pull 
Source DF Sum of Squares F-Value PR > F 
Crop 1 1701570 
Error a. 4 104881714 
Tillage 2 71801606 1.02 0.4018 
Tillage * Crop 2 235687995 3.36 0.0872 
Error b. 8 280485601 
Samples within plot 90 16771935 
Corrected total 117 711330423 
Table 4.2. Analysis of variance for experiment #4 with disk 
implement only - tillage 
Dependent variable: Axle torque (N-m) 
Source DF Sum of Squares F-Value PR > F 
Crop 1 24872641 
Error a. 4 104315566 
Tillage 2 187850085 3.44 0.0837 
Tillage * Crop 2 207004822 3.79 0.0696 
Error b. 8 218622900 
Samples within plot 90 129059906 
Corrected total 117 871725922 
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Table 4.3. Analysis of variance for experiment #4 with disk 
implement only - tillage 
Dependent variable: Slip (%) 
Source DF Sum of Squares F-Value PR > F 
Crop 1 88. ,33 
Error a. 4 1075, .18 
Tillage 2 987, .90 2.60 0.1350 
Tillage * Crop 2 1681, .06 4.42 0.0509 
Error b. 8 1520, .25 
Samples within plot 90 2083, ,70 
Corrected total 117 7436.42 
68 
Table 4.4. Analysis of variance for experiment #4 with disk 
implement only - tillage 
Dependent variable; Fuel consumption (L/h) 
Source DF Sum of Squares F-Value PR > F 
Crop 1 12.48 
Error a. 4 60.25 
Tillage 2 112.56 3.87 0.0667 
Tillage * Crop 2 147.14 5.06 0.0380* 
Error b. 8 116.35 
Samples within plot 90 95.45 
Corrected total 117 544.23 
* Significant at 5 percent probability level. 
Table 4.5. Duncan multiple range test for experiment #4 - tillage 
Dependent variable: Fuel consumption (L/h) 
Treatments Mean Grouping* 
Reduced 26.48 A 
Conventional 24.33 B 
No-till 24.31 B 
* Means with the same letter are not significantly different at 
at 5 percent probability level. 
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Soil physical properties 
The first three experiments were conducted in loam soil on a 
harvested crambe field near Ames, Iowa. The average field slope ranged 
from zero to 5 percent. Soil samples were collected to determine 
moisture content. A tractor mounted soil column sampler was used to 
collect soil samples. The samples were collected at 5 randomly assigned 
locations of each block, as shown in Figure 18, before the experiments 
were conducted. The samples were taken in 5 cm increments down to a 
depth of 30 cm. Soil cone index was measured using a cone penetrometer 
(30 degree cone, 12.84 mm in diameter; ASAE Standard S313.1). Maximum 
soil cone index in 5 cm increments down to 30 cm depth was recorded. The 
soil moisture content and resistance data for the field before the 
experiments were conducted are shown in Table 5.1. The collected soil 
samples were weighed before and after the samples were oven dried for 24 
hours at 105 °C to determine the moisture content. The samples were sent 
to the Iowa State University soil physics laboratory for soil texture 
results. Based on the texture analysis, the soil was reported as a sandy 
loam. The change in soil cone index versus depth is shown in Figure 21. 
Soil moisture content was the other soil property studied in this 
section. In Figure 22, the average soil moisture content for 0-15 cm and 
15-30 cm depths are shown for the three blocks. Statistical analysis was 
used to investigate whether or not a significant difference in soil 
physical properties existed between the blocks. This information was 
obtained through statistical analysis of variance tests listed in Tables 
5.2 through 5.4. 
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Table 5.1 Soil moisture content and cone index data 
Depth (cm) Block 1 Block 2 Block 3 
Cone Index (N/cm^ ) 
5.0 76.77 57.97 55.69 
10.0 110.16 124.46 80.31 
15.0 116.47 126.31 93.54 
20.0 110.77 95.69 95.77 
25.0 106.31 89.38 94.62 
30.0 101.39 82.00 78.00 
Moisture Content (%) 
0-15 18.91 19.79 25.30 
15-30 21.71 22.10 26.13 
Table 5.2. Analysis of variance for soil cone index 
Source DF Sum of Squares F-Value PR > F 
Block 2 1308.22 1.75 0.2068 
Error 15 5594.27 
Corrected total 17 6902.49 
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Table 5.3. Analysis of variance for soil moisture content 
Source DF Sum of Squares F-Value PR > F 
Block 2 175, ,27 6.74 0.0042* 
Error 27 351. ,29 
Corrected total 29 526, ,56 
* Significant at 1 percent probability level. 
Table 5.4. Duncan's multiple range test for soil moisture content 
Dependent variable: Moisture content (%) 
Block Mean Group ing* 
3 25.72 A 
2 20.92 B 
1 20.31 B 
* Means with the same letter are not significantly different 
at 5 percent probability level. 
Soil Cone Index 
• Block 1 
+ Block 2 
O Block 3 
Figure 21. Soil cone index curve for three blocks 
Moisture Content 
34.00 
32.00 
30.00 -
28.00 -
Block 3 26.00 -
24.00 
22.00 -
Block 2 
Blockl 20.00 -
18.00 -
16.00 
14.00 
12.00 
10.00 -
5.00 -
4.00 
Block 3 
Block 2 B ocki 
0-15 15-30 
Depth (cm) 
Figure 22. Moisture content bar graph for three blocks 
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The information needed to study the effect of soil physical 
properties (soil cone index and moisture content) on dependent variables 
is listed in Table 6. A total of 15 observations were obtained since 5 
randomly assigned samples were collected for the experiment in each of 
three blocks. The dependent variables were drawbar pull, axle torque, 
wheel slip, and fuel consumption. 
The statistical general linear model procedure was used to perform 
the analysis of variance and multiple regression to find significant 
effect of independent variables on the measured dependent variables. The 
information obtained from the analysis is given in Tables 17.1 to 20 of 
Appendix I. The analysis was carried out in two steps. In the first 
step, both soil cone index and moisture content parameters were used in 
the model to find whether or not their presence in the model would help 
significantly to explain the variations of the dependent variables. 
Based on this stage of the analysis, the parameter that did not have any 
significant effect was removed from the model and the analysis of the 
second step was performed to determine what percent of the variation in 
the measured parameters is explained by independent variables. Also from 
these analyses, prediction equations for each of the dependent variables 
were found as a function of independent variables through multiple 
regression. The results of the analyses are listed in Table 7 for 
percent of variations explained. The prediction equations are given in 
Table 8. 
An overview of the analysis performed in step one, indicated that 
soil cone index was the significant parameter in explaining the percent 
variations involved in the model for three of the four dependent 
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variables. Therefore, the soil moisture content parameter was eliminated 
in step two of the analysis for drawbar pull, axle torque, and wheel slip 
according to the information listed in Table 7. The soil moisture 
content was not removed from the model for fuel consumption even though 
the analysis of step one indicated no significant effect of the moisture 
content, but Table 7 shows 13.6 % of the total 43.44 % of the variation 
in fuel consumption was explained by moisture content. Since the 
moisture content was not eliminated from the model for fuel consumption, 
therefore step two of the analysis was not carried out for this 
parameter, fuel consumption. The prediction equations given in Table 8 
were the results of the analysis of step one for fuel consumption and 
step two for the other dependent variables. 
Table 6. Data collected for soil physical properties analysis 
Disk Implement 
Sample Rep Block Moisture Cone Drawbar Axle Wheel Fuel 
No. No. Slope Content Index Pull Torque Slip Flow 
(%) (%) (N/cm^ ) (N) (N-m) (%) (L/h) 
1 1 -5 15. 8 • 110.5 23128 21021 19, ,8 32.3 
2 2 -5 20.9 114.1 20714 19200 16, .9 25.3 
3 3 -5 21. 1 120.0 20175 19245 16, ,9 18.9 
4 4 -5 21. 9 76.8 22084 20099 18, .0 30.5 
5 5 -5 22. 2 100.4 20990 20342 18, .7 25.5 
6 1 5 18. 6 74.5 22159 22569 21, ,5 27.5 
7 2 5 17. 1 97.7 22957 23639 22, ,1 31.2 
8 3 5 15. 6 94.0 22068 23222 22, ,0 27.7 
9 4 5 25. 4 105.3 20867 21741 20, ,0 20.2 
10 5 5 25. 9 108.5 20924 21650 20, .0 20.1 
11 1 0 22. . 6  105.6 21345 21669 20, ,7 19.6 
12 2 0 24. 8 95.3 23722 24001 21, ,9 30.8 
13 3 0 24. 1 66.2 22368 22413 21, ,9 26.8 
14 4 0 29. 1 73.7 23361 22803 22, ,1 31.0 
15 5 0 27. 6 74.2 23257 22149 23, ,9 29.6 
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Table 7. Percent variation of the model explained by independent 
variables 
Dependent variable Total Moisture Content Cone Index 
Pull 37.81 1.58 36.23 
Torque 23.85 0.89 22.96 
Slip 34.71 0.02 34.69 
Fuel 43.44 13.60 29.84 
Table 8. Predicted equations of dependent variables as a function of 
independent variables 
Pull (N) — 25615 - 38 X Cone Index (N/cm^) 
Torque (N-m) - 25537 - 40 x Cone Index (N/cm^) 
Slip (%) - 26.79 - 0.068 x Cone Index (N/cm^ ) 
Fuel (L/h) - 53.04 - 0.444 x Cone Index (N/cm^) 
0.176 X Moisture Content(%) 
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Verification of Computer Model 
The computer simulation model "TERMS" was tested against the data 
acquired in the field experiments. Verification was limited to the 
traction performance section of the model. Two major related factors 
affecting the tractor performance (drive wheel slip and fuel flow rate) 
were predicted with the model and then compared to the measured values. 
These predictions were made with the assumption that the total static 
weight of the tractor could be used as an estimate of the dynamic drive 
wheel load. Also, an attempt was made to employ the dynamic drive wheel 
load prediction equations developed by other researchers and discussed 
previously in the review of literature section. 
Original TERMS model 
The original computer TERMS model was used to predict fuel flow rate 
as well as slippage of the drive wheels for specific conditions. Data 
were selected from field experiments to test the prediction of the model. 
The required input data to the model were tractor, implement, and field 
information for prediction of fuel consumption and drive wheel slip. The 
comparisons were made by plotting the predicted fuel and slip against the 
measured fuel and slip respectively. Linear regression analysis was used 
to determine the line of best fit between the predicted and measured 
data. 
The predicted fuel data were compared with the measured fuel data 
for 3 different field conditions (-5%, zero, and 5% slope). A tilled 
soil resulting in a wheel numeric (CN) of 20 was entered into the model 
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Table 9. Statistical information for fuel flow rate 
Slope (%) Regression Eqn. Std Err of Pred Est R-Square 
-5 Pred - 1.039 Measured 0.88 0.98 
0 Pred - 0.979 Measured 2.10 0.94 
5 Pred - 0.984 Measured 1.13 0.91 
Overall Pred - 1.005 Measured 1.50 0.95 
as field information for each field condition tested. The calculated 
value of the wheel numeric was within + 10 percent of the assumed value. 
This variation could well be explained by the change in soil resistance 
measured at different random location in the field. The results of the 
regression analysis for the given field conditions are listed in Table 9 
for fuel consumption. 
The predicted fuel data were plotted against the measured fuel data 
for each field condition as shown in Figures 28 through 30 of Appendix 
II. Regression lines were obtained from the statistical information 
listed in Table 9. Examination of Figures 28 through 30 and tabular data 
reveals that the agreement between the predicted and measured fuel 
consumption was generally good for all conditions. The standard error of 
prediction estimate of fuel was lowest and the correlation coefficient 
was highest at -5 % slope as shown in Table 9. The fuel data for three 
field conditions were combined and are shown plotted in Figure 23 with 
the regression analysis information also listed in Table 9. The combined 
data gave a correlation coefficient of 0.95 with a standard of error of 
prediction estimate of 1.50 L/h. In general a good agreement existed 
between the predicted and measured fuel data. 
Predicted VS Measured Fuel 
Overall; R—Square = 0.95 
35 
34 
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22 
20 
19 
18 
18 20 22 24 26 28 30 32 34 
Measured Fuel (L/h) 
Figure 23. Predicted and measured fuel consumption for 
combined data from original TERMS model 
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The correlation between the predicted and measured slip under the 
same field conditions as for the fuel data are shown in Figures 31 
through 33 in Appendix II. The TERMS model used the total tractor static 
weight for the dynamic drive wheel load. The linear regression analysis 
gave the statistical information listed in Table 10. Agreement between 
predicted and measured slip appeared to be as good as for the fuel in all 
cases. A correlation coefficient of 0.97 indicated the highest 
correlation between the predicted and measured slip at 0 % slope. A 
correlation coefficient of 0.94 was found when the combined slip 
prediction data was tested against combined measured data as shown in 
Figure 24. In general for the sets of conditions under which the 
original "TERMS" model was tested, "TERMS" gave reasonable estimates of 
fuel consumption as well as wheel slip based on the statistical analysis 
used. In the next section, a discussion of the results of slip 
prediction data using equations 2, 3, and 4 are given. 
Table 10. Statistical information for slip 
Slope (%) Regression Eqn. Std Err of Fred Est R-Square 
-5 Fred — 0.996 Measured 0.26 0.96 
0 Fred - 0.956 Measured 1.37 0.97 
5 Fred - 1.025 Measured 0.38 0.94 
Overall Fred - 0.976 Measured 1.39 0.94 
Predicted VS Measured Slip 
Overall: R—Square=0.94 
Measured Slip (%) 
Figure 24. Predicted and measured slip for combined data 
from original TERMS model 
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Revised TERMS model 
An attempt was made to use the prediction equations for dynamic 
wheel load in the TERMS model to predict the slip and then compare the 
prediction values with the measured data. In order to use equations 2, 
3, and 4 that were discussed in the literature review section concerning 
the dynamic rear wheel load, it was necessary to measure the terms used 
in these equations. Drawbar pull, drawbar height, wheel base, and torque 
were measured when the field experiments were conducted. Rolling radius 
of the front and rear wheel and rolling resistance of the front wheel had 
to be determined. Therefore, the following steps were taken. 
Rolling radius Rolling radius of a tire is defined in the ASAE 
Standard S296.2 (1983) as the distance traveled per revolution of the 
traction device divided by 2JI. Therefore, the distance per revolution of 
each wheel was determined by measuring a distance close to 30 m for a 
complete number of wheel revolutions on a soil surface with no drawbar 
load at 0.9 km/h forward speed. The distance traveled per 9 revolutions 
of the front wheel and 5 revolution of rear wheel was measured 3 times. 
An average rolling radius was measured as 0.455 m for the front wheel and 
0.856 m for the rear wheel. 
Front wheel rolling resistance Rolling resistance is defined in 
the ASAE Data D230.4 (1983) as the product of dynamic wheel load 
multiplied by coefficient of rolling resistance, given as: (1.2/CN +0.04) 
For a tilled soil, CN was listed as 20. Therefore substituting that 
numerical value of CN in the equation given resulted in a coefficient of 
rolling resistance of 0.1. The following procedure was followed to 
determine the dynamic wheel load. 
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The instrumented John Deere tractor used in this study was weighed 
on a scale at University Farm Service near Ames, Iowa. Static weight of 
the tractor with the operator was recorded as 52931 N. The front wheel 
axle weight was 16313 N while the rear weight was 36618 N. The free body 
diagram used to determine the dynamic front wheel load is shown in Figure 
25. Two assumptions were made; one was to assume that soil reactions act 
at the center of the wheels below the axles on a hard soil, and second 
that tractor weight distribution on axles does not change with slope 
below 5 percent. Summing moments about an axis through the rear wheel 
and soil surface contact, the front wheel soil reaction or the dynamic 
front wheel load (DFWL) is found as: 
W (XI) - Pv (DBX) - Ph (DBH) 
DFWL - (9) 
WB 
where P^  is equal to P^  (tan 0) and the terms on the right hand side are 
defined in Figure 25. The term P^ was the horizontal component of pull 
which was measured using the drawbar pull transducer. Substituting the 
measured numerical values of these terms in the above equation, the 
dynamic front wheel load equation is reduced to: 
DFWL - 16569 - 0.222 P^ (10) 
The rolling resistance of the front wheel is determined by 
multiplying DFWL by 0.1. The equations for the dynamic rear wheel load 
(Eqs. 2, 3, and 4) were used in the TERMS model for prediction of slip 
I 
x2 
7 Degree 
John Deere 4430H 
DBX 
Ph DBH 
Pv RRF Fr ERE 
DRWL DFWL 
VB 
Figure 25. Free body diagram of tractor under static loading 
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and comparisons were made between the measured slip and predicted slip 
from the original and revised TERMS models as discussed later. The 
results of these comparisons between the predicted data and measured data 
for slip are shown in Figure 26. In Figures 34 through 36 of Appendix 
II, the predicted slip was plotted against the measured slip for the 
three different slopes considered. Regression lines were the result of 
the analysis listed in Table 11. A summary of the error involved in the 
comparisons is given in Table 12. The percentage of error was calculated 
as follows : 
Measured Slip 
Percent Error - 100 (1 ) (11) 
Predicted Slip 
In general, the original model's prediction of slip had the greatest 
agreement with the measured slip as it was closest to the zero line of 
error, the line that gave a one to one relationship between the predicted 
and measured slip. The other three equations for dynamic rear wheel load 
that were used in the revised model were close in prediction of slip 
among themselves, but the predictions were higher than the measured slip. 
Figure 27 also shows that the error in prediction was increased as the 
slip was increased. This disagreement could be explained partly due to 
the assumptions made for wheel numeric (CN) and the calculation of the 
rolling resistance of the front wheel. Also it could be due to the fact 
that the procedure used to determine rolling resistance may not be valid 
for the dynamic situation that took placed in the field experiments. 
This could as well be a reason for the disagreement between the predicted 
slip from the revised model and the measured slip from field experiments. 
Predicted VS Measured Slip 
Overall 
JET" 
• Original 
+ Equation 2 
o Equation 3 
A Equation 4 
0.0 10.0 
I r 
20.0 30.0 40.0 
Measured Slip (%) 
Figure 26. Predicted and measured slip regression lines from 
original and revised TERMS model 
Percent Error in Slip Prediction 
Error (%) = 100 (1—Measured/Predicted) 
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Figure 27. Percent error involved in comparison of slip predicted 
using original and revised TERMS model 
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Table 11. Statistical information for slip comparison of original 
and revised TERMS model 
Model Regression Eqn Std Err of Fred Est R-Square 
Original Fred - 0, ,976 Measured 1.39 0, .94 
Equation 1 Fred - 1, .676 Measured 5.31 0, .81 
Equation 2 Fred - 1, .610 Measured 5.01 0, ,81 
Equation 3 Fred - 1, .587 Measured 4.81 0, .82 
Table 12. Percentage error of predicted slip using original 
and revised TERMS model 
Slip (%) Original Equation 2 Equation 3 Equation 4 
15.69 -3. 84 31. 39 29. 70 29, .04 
16.18 0. 12 23. 32 20. 30 19, .62 
16.40 -1. 86 27. 98 25. 08 24. 46 
16.48 1. 26 25. 16 22. 12 21, .45 
16.93 -0. 59 23, .98 20. 78 20, .10 
17.98 -0. 33 26. 31 23. 36 22, .67 
18.01 -0. 06 31, .88 29. 46 28, .76 
18.05 1. 69 34, .27 34. 15 33, .39 
18.10 -3. 78 34, .54 33. 04 32, .31 
18.73 -0. 38 21, .76 17. 71 16, .98 
18.74 0. 27 34, .01 30. 57 29, .81 
19.30 1. 33 30, .80 27. 11 26. ,39 
19.78 -3.40 32, .24 29. 46 28. 70 
19.96 3. 99 44, .60 43. 17 42. ,31 
20.45 2. 90 44, .49 43. 18 42. ,30 
20.69 1. 15 43, .19 39. 87 39. ,06 
20.82 0. 00 42, .33 41. 05 40. ,17 
20.91 -0. 58 41, .95 39. 29 38. ,45 
21.23 0. 93 44.07 42. 79 41. ,87 
21.29 2. 56 45, .87 44. 61 43. ,68 
21.52 5. 57 49, .51 48. 24 47. ,27 
21.56 3. 79 47, .68 46. 10 45. ,13 
21.96 3. 05 47, .81 45, .25 44. ,28 
22.12 0. 23 54, .42 52, .17 51. ,09 
24.13 1. 87 52, .42 48, .45 47. ,28 
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SUMMARY AND CONCLUSIONS 
A computer based tractor instrumentation system was developed to 
measure parameters which affect the efficiencies of agricultural tractor 
operation. The system development was divided into three parts: tractor 
instrumentation, data acquisition, and data analysis systems. Tractor 
instrumentation was developed by completing the transducer installations 
on a John Deere farm tractor model 4430H. The data acquisition system 
was developed by installing a 21XL micrologger, a CR56 thermal printer, 
and a digital tape recorder on the tractor inside the cab. The 
transducers were interfaced to the data acquisition system through the 
differential and pulse channels on the 21XL. The data acquisition system 
had the capability to store the data in the 21XL RAM and then dump the 
data onto the cassette tape, the printer, or both. A data analysis 
system was also developed to retrieve the data from the cassette tape 
through a C20 interface system and transfer the data to the microcomputer 
diskette and further to a main frame computer for analysis. The 
instrumented tractor was tested in the field by conducting a series of 
experiments under different terrain and operating conditions. The first 
experiment compared the draft requirements as well as other measured 
dependent variables of three implements. The effects of operating 
factors such as speed, depth, and slope were studied in the next two 
experiments, using the disk implement. The fourth experiment was 
conducted to study the effect of different tillage systems on soil 
conditions by measuring the dependent variables of the instrumented 
tractor. And finally, data from these experiments were selected for 
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specific conditions to assist in verification of a previously developed 
computer model "TERMS", 
The following conclusions were drawn from this study: 
1. The instrumentation system developed was convenient, simple, and 
reliable in operation. The instrumented tractor was tested in the field 
without malfunctioning in either data collecting or recording. All the 
transducers functioned well and data were recorded without any system 
failure from tractor noise or vibration. The data analysis system could 
dump the data successfully to the main frame computer for analysis. 
2 .  As a result of the field experiments, it was concluded that the 
chisel required the highest draft compared to the other two implements. 
The effect of slope was significant on axle torque and slip. The effect 
of speed was significant on fuel consumption only. The effect of depth 
was found to be significant on all dependent variables measured with the 
instrumented tractor. And finally, in a separate experiment, tillage 
systems had no significant effect on the dependent variables measured. 
3. The original TERMS computer model's prediction parameters were in 
good agreement with the measured parameters with a correlation 
coefficient greater than 0.91. When the revised TERMS model's prediction 
of slip was studied, the predictions were high in almost all cases 
studied. This disagreement could be due to the assumptions made in 
determining the front wheel rolling resistance which was calculated for 
the equations used in the revised TERMS model. This could also have been 
due to the choice of slip equation. With a different one possibly, 
making better use of the more detailed determination of dynamic wheel 
load exist. 
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Table 13. Tractor performance data for experiment #1 - implements 
Pass Ta gb RC Drawbar Axle Actual Theor Wheel Fuel Drawbar Axle 
R L E Pull Torque Speed Speed Slip Flow Power Power 
No. T K P N N-m Km/Hr Km/Hr % L/Hr Kw Kw 
1 1 1 1 3652 2926 4.6 4.7 2.0 13.9 4705 4646 
2 1 1 2 3185 4221 7.6 7.8 2.5 15.1 6719 11029 
3 1 1 3 3603 2670 7.7 7.8 1.7 14.8 7681 6995 
4 1 2 1 4773 7129 4.6 4.7 3.1 15.0 6040 11238 
5 1 2 2 3977 6495 7.6 7.8 2.7 16.6 8337 16905 
6 1 2 3 4399 7033 7.5 7.8 3.1 16.9 9180 18307 
7 1 3 1 3278 5667 4.5 4.7 3.5 14.0 4101 8874 
8 1 3 2 3696 5164 7.3 7.6 3.2 14.8 7532 13132 
9 1 3 3 4724 6451 7.5 7.8 3.7 16.6 9798 16793 
10 2 1 1 29478 25786 3.6 4.7 23.5 19.3 29172 40372 
11 2 1 2 27050 23486 3.7 4.7 20.0 18.4 28053 36785 
12 2 1 3 28780 25240 3.7 4.7 21.4 18.7 29328 39530 
13 2 2 1 26302 25989 3.5 4.7 25.2 18.9 25510 40700 
14 2 2 2 28780 27425 3.4 4.7 26.6 19.8 27270 42803 
15 2 2 3 28638 28386 3.4 4.7 26.6 19.8 27315 44459 
16 2 3 1 28544 26412 3.6 4.7 23.5 19.6 28322 41364 
17 2 3 2 30879 28491 3.5 4.7 25.9 20.2 29679 44623 
18 2 3 3 31022 28571 3.5 4.7 25.3 20.3 29955 44593 
19 3 1 1 7433 5984 5.3 5.5 3.0 11.7 10932 10954 
20 3 1 2 17757 16392 7.1 7.7 8.1 20.0 34921 42401 
21 3 1 3 18362 16533 7.0 7.7 9.0 20.2 35704 42676 
22 3 2 1 14065 14973 6.8 7.7 12.3 19.1 26465 38814 
23 3 2 2 14675 16392 7.0 7.7 9.2 19.8 28598 42490 
24 3 2 3 19999 20481 6.6 7.7 14.5 22.1 36413 52654 
25 3 3 1 8274 10390 7.0 7.4 5.6 17.1 16085 25868 
26 3 3 2 12713 14039 6.8 7.8 12.5 19.3 23982 36547 
27 3 3 3 14955 
• 
14832 6.9 7.7 11.0 19.3 28545 38448 
^Treatment 
^Block 
^Replication 
1 
1 
1 
- Planter, 2 - Chisel, 3 - Disk. 
- -5 % Slope, 2 - Zero Slope, 3 - 5 % Slope. 
- Rep 1, 2 - Rep 2, 3 - Rep 3. 
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Table 14. Tractor performance data for experiment #2 with disk 
implement only - speed 
Pass Xa gb Drawbar Axle Actual Theor Wheel Fuel Drawbar Axle 
R L E Pull Torque Speed Speed Slip Flow Power Power 
No. T K P N N-m Km/Hr Km/Hr % L/Hr Kw Kw 
1 1 1 1 23128 21021 10.4 12.9 19.8 32 .3 82862 86590 
2 1 1 2 22846 21429 10.5 12.9 18.7 31, ,4 82079 88467 
3 1 1 3 22007 21720 10.0 12.4 19.4 30. ,5 75972 86004 
4 2 1 1 22084 20099 8.0 9.7 18.0 25, .3 59522 62363 
5 2 1 2 20714 19200 8.3 10.0 16.9 25, .3 57722 61595 
6 2 1 3 20990 20342 8.0 9.8 18.7 25, ,5 57087 63698 
7 3 1 1 20433 19272 5.0 5.9 16.4 18, ,3 33686 36574 
8 3 1 2 19562 18727 5.0 6.0 16.2 18, ,4 32672 36007 
9 3 1 3 20175 19245 5.0 6.1 16.9 18, ,9 33963 37299 
10 1 2 1 23190 24464 8.8 11.6 24.1 30, ,5 74761 90744 
11 1 2 2 22957 23639 9.4 12.1 22.1 31, ,2 77120 91405 
12 1 2 3 18261 18679 9.1 11.2 18.1 24, ,4 58511 68754 
13 2 2 1 22159 22569 7.7 9.8 21.5 27, ,5 60044 70405 
14 2 2 2 21574 22124 7.6 9.7 21.3 26, ,9 58156 68686 
15 2 2 3 22068 23222 7.6 9.8 22.0 27, ,7 59718 72343 
16 3 2 1 20867 21741 4.9 6.1 20.0 20, ,2 • 35125 42135 
17 3 2 2 20924 21650 4.9 6.1 20.0 20, ,1 35196 41926 
18 3 2 3 21299 21934 5.2 6.6 21.2 21, ,1 39133 46227 
19 1 3 1 23361 22803 9.3 11.9 22.1 31, ,0 77460 86992 
20 1 3 2 23722 24001 9.3 11.9 21.9 30, ,8 78546 91542 
21 1 3 3 23257 22149 8.8 11.6 23.9 29, .6 74992 82377 
22 2 3 1 22404 22305 7.5 9.5 20.9 26, .2 59080 67719 
23 2 3 2 22287 22468 7.7 9.9 21.8 27, ,9 61064 70875 
24 2 3 3 22368 22413 7.6 9.7 21.0 26, .8 59988 69201 
25 3 3 1 21345 21669 4.8 6.0 20.7 19, .6 35636 41648 
26 3 3 2 21904 21741 4.8 6.0 20.6 20, ,0 36749 41992 
27 3 3 3 20776 21007 4.9 6.0 18.9 19, ,6 34796 40499 
^Treatment : 1 - High Speed, 2 - Medium Speed, 3 - Low Speed. 
^Block : 1 - -5 % Slope, 2 - Zero Slope, 3 — 5 % Slope. 
^Replication: 1 - Rep 1, 2 - Rep 2, 3 - Rep 3. 
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Table 15. Tractor performance data for experiment #3 with disk 
implement only - depth 
Pass T B R Drawbar Axle Actual Theor Wheel Fuel Drawbar Axle 
RLE Pull Torque Speed Speed Slip Flow Power Power 
No. T K P N N-m Km/Hr Km/Hr % L/Hr Kw Kw 
1 1 1 1 2015 3631 5.8 6 .1 4. 8 11, .5 3412 7083 
2 1 1 2 2108 4521 5.8 6 .1 5. 0 11, .5 3570 8814 
3 1 1 3 2157 6416 5.6 6 .1 7. 5 12, .6 3620 12416 
4 2 1 1 6592 8636 5.5 6 .0 8. 3 13, ,3 10984 16577 
5 2 1 2 7340 10452 5.4 6 .0 9. 4 13, .7 12162 19955 
6 2 1 3 7295 10011 5.4 6 .0 9. 2 13, .7 12088 19112 
7 3 1 1 20978 19987 4.9 6 .0 18.0 18, .7 34958 38366 
8 3 1 2 21027 19978 4.9 6 .0 18. 8 18, .7 34944 38247 
9 3 1 3 20373 19564 4.9 6 .0 17. 7 19. ,1 33944 37553 
10 1 2 1 1877 5023 9.4 10 .0 6. 1 13, ,3 5227 16129 
11 1 2 2 1922 6548 9.3 10 .0 7. 1 14. 8 5323 20895 
12 1 2 3 1597 5437 8.2 8 .6 5. 2 10, .5 3811 14966 
13 2 2 1 17895 18198 8.4 9 .8 14. 0 23, .1 48612 56949 
14 2 2 2 18549 18445 8.2 9 .7 16. 0 23, .8 50141 57434 
15 2 2 3 18691 18586 8.1 9 .7 17. 1 23, .8 50432 57777 
16 3 2 1 23175 22772 7.7 9 .8 21. 1 27, ,0 62743 71028 
17 3 2 2 22939 21882 7.7 9 .8 20. 8 27, .0 62214 68366 
18 3 2 3 22895 22710 7.7 9 .7 20. 9 27, .0 61781 70603 
19 1 3 1 2438 5182 12.8 13 .5 5. 4 15, .5 9120 22356 
20 1 3 2 801 4891 13.1 13 .9 5. 6 14, .0 3089 21737 
21 1 3 3 1548 4001 12.3 12 .9 4. 8 11, ,9 5536 16480 
22 2 3 1 7202 10522 12.4 13 .3 7. 1 20, ,2 26674 44921 
23 2 3 2 12757 15193 11.8 13.4 12. 4 25, ,6 47561 65249 
24 2 3 3 13554 15026 11.7 13 .4 12. 5 25, .2 50462 64451 
25 3 3 1 22285 22922 10.3 13 .1 21. 0 32, .4 80759 95673 
26 3 3 2 23593 23028 10.0 12 .6 20. 7 32, .0 82474 92691 
27 3 3 3 23406 23001 10.3 12 .9 20. 4 32, ,7 83668 94704 
^Treatment : 1 - Zero 2 - 5 cm, 
^Block : 1 - Blk 1, 2 - Blk 
•^ Replications; 1 - Rep 1, 2 - Rep 
3 - 10 cm depth of disking. 
2,3- Blk 3, slope nearly zero. 
2,3- Rep 3. 
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Table 16. Tractor performance data for experiment #4 with disk 
Implement only - tillage 
Test T^ B^R^S^ Drawbar Axle Actual Theor. Slip Fuel Drawbar Axle 
R L E A Pull Torque Speed Speed Power Power 
No. T K P M N N-m Km/Hr Km/Hr % L/Hr Kw Kw 
1 1 1 1 1 22468 22067 7.7 9, ,5 18, .6 25, 7 59283 67038 
2 1 1 1 2 20831 19820 8.2 9. ,7 15, ,0 25. 0 55853 61222 
3 1 1 1 3 20738 20287 8.5 9. ,7 11, ,7 25, 0 55629 62713 
4 1 1 1 4 21018 20542 8.4 9, ,7 13, ,3 24. 6 56375 63459 
5 1 1 1 5 21529 21036 8.1 9, ,7 16, ,7 25, 7 57717 65025 
6 1 1 1 6 21529 21811 7.7 9, ,5 18, ,6 25. 7 56748 66293 
7 1 1 2 1 24710 23830 7.6 9. ,5 20, ,3 28. 0 65174 72407 
8 1 1 2 2 24430 23821 7.2 9, ,5 23, ,7 27. 6 64428 72407 
9 1 1 2 3 26155 24596 7,4 9. ,5 22, ,0 27. 6 68977 74719 
10 1 1 2 4 25644 24746 7.1 9. ,7 26, ,7 28. 0 68754 76434 
11 1 1 2 5 25315 24834 6.8 9, ,7 30, ,0 28. 0 67933 76733 
12 1 1 2 6 25644 25927 6.0 9. ,7 38, ,3 28. 4 68754 80088 
13 1 1 3 1 19381 18357 8.4 9, ,7 13, ,3 23. 9 51975 56748 
14 1 1 3 2 18963 18560 8.7 9, .8 11, ,5 23. 9 51677 58314 
15 1 1 3 3 18451 18630 8.7 9, ,7 10, ,0 23. 9 49514 57568 
16 1 1 3 4 19430 19238 8.7 9, ,7 10, ,0 24. 2 52124 59432 
17 1 1 3 5 19710 19917 8.2 9, ,7 15, ,0 24. 2 52870 61520 
18 1 1 3 6 20039 21582 8.2 9, ,7 15, ,0 25. 7 53765 66666 
19 1 2 1 1 17424 17934 8.1 9, ,5 15, ,3 22. 3 45935 54511 
20 1 2 1 2 17561 18004 7.6 9, ,5 20, ,3 22. 3 46308 54734 
21 1 2 1 3 18540 18727 6.8 9, ,5 28, ,8 23. 1 48918 56897 
22 1 2 1 4 17704 18374 7.7 9, ,7 20, ,0 23. 1 47501 56748 
23 1 2 1 5 17891 18128 7.7 9, ,7 20, ,0 22. 3 48023 56002 
24 1 2 1 6 12704 13475 8.4 9. ,5 11, ,9 21. 2 33482 40939 
25 1 2 2 1 19523 18983 8.5 9, .7 11, ,7 23. 5 52348 58687 
26 1 2 2 2 19803 19326 8.5 9, ,7 11, ,7 24. 2 53094 59731 
27 1 2 2 3 18963 18577 8.4 9, ,7 13, ,3 23. 1 50857 57419 
28 1 2 2 4 19i92 18806 8.1 9, ,7 16, ,7 23. 5 51752 58090 
29 1 2 2 5 20177 19194 7.9 9, ,7 18, ,3 24. 6 54138 59283 
30 1 2 2 6 20551 20393 7.9 9, ,7 18, ,3 24. 6 55107 63012 
31 1 2 3 1 16627 17440 8.4 9, ,7 13, ,3 22. 3 44593 53914 
32 1 2 3 2 16676 17476 8.5 9, .7 11, ,7 22. 3 44742 53989 
33 1 2 3 3 17188 17079 8.4 9, ,7 13, ,3 22. 0 46084 52796 
34 1 2 3 4 16209 16612 8.4 9, ,7 13, ,3 22. 0 43474 51304 
35 1 2 3 5 16067 16956 8.4 9, ,7 13, ,3 22. 0 43101 52423 
36 1 2 3 6 16583 17617 8.2 9, ,7 15. ,0 22. 3 44444 54436 
37 2 1 1 1 24007 22164 7.9 9, .7 18, .3 26. 9 64428 68455 
38 2 1 1 2 25177 24402 7.7 9, ,7 20, ,0 28. 0 67560 75390 
^Treatment : 1 - Conventional, 2 - No-till, 3 — Reduced. 
^Block : 1 - Corn stubble, 2 - Soybean stubble. 
^Replication: 1 - Rep 1, 2 - Rep 2, 3 - Rep 3. 
•^Sample : 1 - Sam 1, 2  -  Sam 2, etc. Samples within replication. 
Table 16. (Continued) 
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[est T B R S Drawbar Axle Actual Theor. Slip Fuel Drawbar Axle 
R L E A Pull Torque Speed Speed Power Power 
No. T K P M N N-m Km/Hr Km/Hr % L/Hr Kw Kw 
39 2 1 1 3 26765 26694 7.4 9. 7 23. 3 28, ,4 71811 82474 
40 2 1 1 4 24754 23777 7.7 9. 7 20.0 27, ,6 66367 73451 
41 2 1 1 5 24243 23900 7.6 9. 7 21. 7 27, ,6 65025 73824 
42 2 1 1 6 24567 22367 7.9 9. 8 19. 7 26, .9 66964 70245 
43 2 1 2 1 21721 21477 7.6 9. 7 21. 7 25, .7 58239 66367 
44 2 1 2 2 21952 22279 6.9 9. 5 27. 1 25, ,4 57866 67710 
45 2 1 2 3 21721 22305 6.4 9. 3 31. 0 26, ,1 56300 66591 
46 2 1 2 4 22281 21882 6.4 9. 0 28. 6 25, ,7 55778 63086 
47 2 1 2 5 19665 19776 7.2 9. 3 22. 4 25, .4 51006 59059 
48 2 1 2 6 21529 21565 7.2 9. 5 23. 7 27, ,3 56748 65547 
49 2 1 3 1 17281 17617 8.4 9. 7 13. 3 22, ,7 46383 54436 
50 2 1 3 2 16534 16779 8.5 9. 8 13. 1 22, ,0 45115 52721 
51 2 1 3 3 14853 14982 8.9 9. 7 8. 3 20, ,8 39820 46308 
52 2 1 3 4 16676 16400 8.7 9. 7 10.0 21, ,2 44742 50708 
53 2 1 3 5 17517 17255 8.9 9. 7 8. 3 22 .3 46979 53318 
54 2 1 3 6 16863 16471 8.9 9. 7 8. 3 21. 2 45264 50931 
55 2 2 1 1 19946 18568 8.2 9. 7 15. 0 23, .9 53467 57344 
56 2 2 1 2 18589 17423 8.5 9. 7 11. 7 22, .3 49887 53840 
57 2 2 1 3 18776 17925 8.9 9. 7 8. 3 22, .3 50335 55406 
58 2 2 1 4 18682 18357 8.4 9. 7 13. 3 22, .7 50111 56748 
59 2 2 1 5 19759 18233 8.4 9. 7 13. 3 23, ,9 53019 56375 
60 2 2 1 6 17375 16674 8.9 9. 7 8. 3 22 .0 46606 51528 
61 2 2 2 1 20270 18463 8.4 9. 7 13. 3 23, .5 54362 57046 
62 2 2 2 2 19381 18498 8.5 9. 7 11. 7 23, ,5 51975 57121 
63 2 2 2 3 19897 18322 8.7 9. 7 10. 0 23, .5 53392 56599 
64 2 2 2 4 20177 19273 8.7 9. 7 10. 0 23, ,5 54138 59581 
65 2 2 2 5 20364 18903 8.7 9. 7 10. 0 23 .5 54585 58388 
66 2 2 2 6 20738 20031 8.4 9. 7 13. 3 25 .7 5^ 629 61893 
67 2 2 3 1 17468 17907 8.1 9. 7 16. 7 23 .5 46830 55331 
68 2 2 3 2 24474 23830 6.3 9. 7 35. 0 29 .5 65622 73601 
69 2 2 3 3 18215 18894 7.4 9. 2 19. 3 21, ,6 46383 55480 
70 2 2 3 4 18825 19829 8.1 10. 0 19. 4 24 .6 52199 63310 
71 2 2 3 5 16863 17766 8.5 9. 7 11. 7 22, ,7 45264 54884 
72 2 2 3 6 16863 16841 8.9 9. 7 8. 3 22 .0 45264 52050 
73 3 1 1 1 20786 19934 8.1 9. 7 16. 7 25, .0 55778 61595 
74 3 1 1 2 19897 19608 7.7 9. 3 17. 2 24, ,2 51602 58537 
75 3 1 1 3 21721 20639 7.7 9. 0 14. 3 25, .0 54362 59507 
76 3 1 1 4 19852 20287 6.8 9. 2 26. 3 24, ,2 50558 59581 
77 3 1 1 5 21205 20243 7.9 9. 5 17. 0 25, .0 55928 61520 
78 3 1 1 6 20413 19961 7.9 9. 2 14. 0 24 .2 52050 58612 
79 3 1 2 1 20506 19317 8.4 9. 7 13, ,3 24.6 55033 59656 
80 3 1 2 2 19990 19265 8.5 9. 7 11. ,7 23 .9 53616 59507 
81 3 1 2 3 20319 19785 8.4 9. 7 13. 3 24 .6 54511 61147 
82 3 1 2 4 22655 22138 8.2 9. 7 15. 0 25 .7 60775 68381 
102 
Table 16. (Continued) 
Test T B R S Drawbar Axle Actual Theor. Slip Fuel Drawbar Axle 
R L E À Pull Torque Speed Speed Power Power 
No. T K P M N N-m Km/Hr Km/Hr % L/Hr Kw Kw 
83 3 1 2 5 21996 21803 8.1 9.7 16.7 25, ,4 58985 67337 
84 3 1 2 6 20738 20833 7.9 9.7 18.3 25. 7 55629 64354 
85 3 1 3 1 25315 23433 7.7 9.2 15.8 26, .1 64503 68754 
86 3 1 3 2 22935 21803 7.9 9.2 14.0 25, .0 58463 63981 
87 3 1 3 3 22837 21432 7.9 9.2 14.0 24.6 58165 62937 
88 3 1 3 4 22837 22790 7.7 9.3 17.2 25, .7 59209 68082 
89 3 1 3 5 23633 23080 7.2 9.7 25.0 27, .6 63385 71289 
90 3 1 3 6 23776 23583 7.7 9.7 20.0 27, ,6 63757 72855 
91 3 2 1 1 21907 22261 6.3 9.8 36.1 27, .6 59731 69947 
92 3 2 1 2 22837 22226 5.6 9.8 42.6 27, .3 62266 69798 
93 3 2 1 3 18638 19538 7.1 9.8 27.9 25, ,4 50857 61371 
94 3 2 1 4 21529 21380 7.1 9.8 27.9 26, .1 58687 67188 
95 3 2 1 5 26204 25389 4.7 10.0 53.2 30, ,3 72631 81058 
96 3 2 1 6 23073 23539 5.3 9.8 45.9 28, .4 62937 73973 
97 3 2 2 1 27699 25231 7.2 9.3 22.4 28, .0 71811 75390 
98 3 2 2 2 27325 25010 7.1 9.5 25.4 27, .6 72035 75987 
99 3 2 2 3 28166 25478 7.1 9.3 24.1 28, .4 73004 76136 
100 3 2 2 4 28024 25786 6.8 9.5 28.8 28, ,4 73899 78373 
101 3 2 2 5 28304 25619 6.6 9.5 30.5 28, ,4 74645 77851 
102 3 2 2 6 26485 24649 6.9 9.5 27.1 27, ,3 69872 74868 
103 3 2 3 1 25502 23662 8.1 9.7 16.7 27 .3 68381 73079 
104 3 2 3 2 25221 23345 8.1 9.7 16.7 27 .6 67635 72109 
105 3 2 3 3 25502 24032 7.6 9.5 20.3 27 .6 67262 73004 
106 3 2 3 4 25924 25169 7.1 9.5 25.4 28 .0 68381 76509 
107 3 2 3 5 25737 24499 6.8 9.5 28.8 28 .0 67859 74421 
108 3 2 3 6 25315 24147 6.6 9.7 31.7 27 .6 67933 74645 
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Table 17.1. General Linear Model procedure for pull - step one 
Dependent variable: Pull (N) 
Source DF Sum of Square F-Value Pr>F R-Sqaure 
Model 2 6668163 3.65 0.0578 0.378 
Error 12 10964176 
Corrected Total 14 17632339 
Model: 
Moisture content 
Cone index 
1 
1 
280725 
6596329 
0.31 
7.22 
0.5896 
0.0198* 
* Significant at 5 percent probability level. 
Table 17.2. General Linear Model procedure for pull - step two 
Dependent variable: Pull (N) 
Source DF Sum of Square F-Value Pr>F R-Sqaure 
Cone index 1 6668163 3.65 0.0578 0.378 
Error 13 10964176 
Corrected Total 14 17632339 
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Table 18.1. General Linear Model procedure for axle torque - step one 
Dependent variable: Axle torque (N-m) 
Source DF Sum of Square F-Value Pr>F R-Sqaure 
Model 2 7441160 1.88 0.195 0.239 
Error 12 23757348 
Corrected Total 14 31198508 
Model: 
Moisture content 1 279527 0.14 0.7137 
Cone index 1 7342204 3.71 0.0782 
Table 18.2. General Linear Model procedure axle torque - step two 
Dependent variable: Axle torque (N-m) 
Source DF Sum of Square F-Value Pr>F R-Sqaure 
Cone index 1 7161632 3.87 0.0708 0.230 
Error 13 24036875 
Corrected Total 14 31198508 
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Table 19.1. General Linear Model procedure for slip - step one 
Dependent variable: Slip (%) 
Source DF Sum of Square F-Value Pr>F R-Sqaure 
Model 2 20.23 3.19 0.0775 0.347 
Error 12 38.07 
Corrected Total 14 58.31 
Model: 
Moisture content 1 0.01 0.00 0.9548 
Cone index 1 18.07 5.70 0.0343* 
* Significant at 5 percent probability level. 
Table 19.2. General Linear Model procedure for slip - step two 
Dependent variable: Slip (%) 
Source DF Sum of Square F-Value Pr>F R-Sqaure 
Cone index 1 20, ,23 6.91 0.0209 0.347 
Error 13 38, ,08 
Corrected Total 14 58, ,31 
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Table 20. General Linear Model procedure for fuel - step one 
Dependent variable: Fuel (L/h) 
Source DF Sum of Square F-Value Pr>F R-Sqaure 
Model 2 135.12 4.51 0.0327 0.434 
Error 12 175.93 
Corrected Total 14 311.05 
Model: 
Moisture content 1 42.30 2.89 0.1152 
Cone index 1 124.57 8.50 0.0130* 
* Significant at 5 percent probability level. 
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APPENDIX II - PREDICTED VS MEASURED GRAPHS 
Predicted Vs Measured Fuel 
R—Square = 0.98, Slope = —5 % 
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Figure 28. Predicted and measured fuel at -5 % slope 
from original TERMS model 
36 
Predicted VS Measured 
R—Square = 0.94, Slope = 0 % 
Fuel 
• 
o VO 
12 16 
"T —T— 
20 
T T 
24 
Measured Fuel (L/h) 
I 
28 
~~I 
32 36 
Figure 29. Predicted and measured fuel at 0 % slope 
from original TERMS model 
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Figure 30. Predicted and measured fuel at 5 % slope 
from original TERMS model 
Predicted VS Measured Slip 
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Figure 31. Predicted and measured slip at -5 % slope 
from original TERMS model 
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Figure 32. Predicted and measured slip at 0 % slope 
from original TERMS model 
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Figure 33. Predicted and measured slip at 5 % slope 
from original TERMS model 
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Figure 34. Predicted and measured slip from original 
and revised TERMS model at -5 % slope 
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Figure 35. Predicted and measured slip from original 
and revised TERMS model at 0 % slope 
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Figure 36. Predicted and measured slip from original 
and revised TERMS model at 5 % slope 
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APPENDIX III - A GUIDE TO THE OPERATION OF INSTRUMENTATION 
OF THE JOHN DEERE FARM TRACTOR MODEL 4430H 
118 
A Guide to the Operation of Instrumentation 
Installed on the John Deere Farm Tractor 
Model 4430H 
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INTRODUCTION 
This section was written as a guide to operation of the 
instrumentation installed on a John Deere farm tractor model 4430H 
located at the Agricultural Engineering Department at Iowa State 
University. The purpose is to explain how to use the instrumentation on 
the tractor to collect data. However it is necessary for the user to 
have access to the reference listed on page 133 since this section does 
not cover all the material in detail. A summary of the instrumentation 
system installed on the tractor is given for those who are not familiar 
with the system. 
A Review of the Instrumentation System 
The instrumentation system was developed by installing eight 
transducers along with the data acquisition system (a 21XL Micrologger, a 
Printer, and a cassette tape recorder) on the John Deere tractor. The 
following transducers were installed on the tractor: a drawbar pull, two 
axle torque, two fuel flow, one rear wheel speed, and one front wheel 
speed transducers. A radar ground speed sensor was also installed. The 
data acquisition system consisted of a 21XL Micrologger, a thermal 
printer, and a cassette tape recorder placed on a plywood board inside 
the tractor cab. The transducers were interfaced to the 21XL with 
electrical shielded wires that connected the transducers to the 21XL 
inside the tractor cab (refer to Fig. 13). Data collected were stored on 
the cassette tape and a hard copy of the collected data was provided by 
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the printer. A system was developed to transfer the data from the 
cassette tape to a remote computer for analysis. Since the 21XL is the 
heart of this instrumentation. A summary of this unit is given below. 
The 21XL is a battery operated datalogger based on a Hitachi 6303 
CMOS 8-bit microprocessor with 58K of memory. In this unit, a clock, 
multimeter, calibrator, analog to digital converter, frequency counter, 
controller, and signal generator are included. The panel has a 16 digit 
keyboard for entering programs and commands, a 9 pin serial Input/Output 
port for interfacing of peripherals, and two terminal strips for 
connecting the transducers. The upper strip is for connecting the 
voltage output transducers and the lower strip provides channels for 
pulse output transducers. The lower strip also provided an excitation 
voltage, a constant analog output, a +12 volt and a ground terminal that 
can provide power for the transducer or serve as an input power supply 
from an external +12 volt battery to maintain system power while 
supplying power to the transducers. The 21XL also has internal alkaline 
batteries as an alternative power source. The 21XL has a number of 
different keyboard modes which are used for monitoring and entering data 
or instructions. Table 21 summarizes the use of these particular keys. 
Programming the 21XL 
The 21XL can be programmed to make voltage or pulse count 
measurements from transducers. The following are the procedures that 
should be followed in programming the 21XL. 
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1. Specify the execution time - Execution time refers to the period 
in which the 21XL executes a measurement and stores it in the 
memory. 
2. Specify the Input/Output instruction sets - Input/Output 
instruction codes refers to code numbers used for a specific 
measurement 
3. Specify the output processing instructions - Output processing 
instructions refer to the instructions that control the data 
output from the 21XL to the printer and/or cassette tape 
recorder. 
A summary of the 21XL instruction sets is condensed onto a vinyl 
coated 21XL PROMPT SHEET (available in the 21XL manual). This sheet has 
all the information needed for programming the 21XL and operating the 
data acquisition system. The program written for operation of the 
instrumentation system installed on the John Deere tractor is explained 
below line by line referring to the 21XL PROMPT SHEET. It is recommended 
that a user of the instrumented tractor review the two sample programs in 
the sample programming section and read the glossary section of the 21XL 
manual to become familiar with 21XL programming and the terms used below 
before beginning the next section. Review Figure 13, Table 21 and the 
21XL PROMPT SHEET. 
Turn on the 21XL power switch, the 21XL displays HELLO while 
checking the memory. The result of checking is displayed (All Is). 
Press * to get into entering mode. Now, the 21XL is ready for you to 
enter the program. Enter the following program as you go along. 
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Table 21. Key definition summary and modes for 21XL Micrologger 
Key Action 
0-9 Enter numeric data 
* Enter mode 
A Advance through a Program Table or Data Storage, 
or enter the displayed number into memory 
B Back up through a Program Table or Data Storage 
C Change sign of a floating point number or change 
a 4 digit input location number to increment on loop 
D Enter decimal point of a floating point number 
# Clear right most digit 
#D Delete entire Instruction 
#A Advance to next Instruction or next Final Data 
Storage array 
#B Back up to previous Instruction or previous Final 
Data Storage array 
Key Mode 
*0 LOG data and indicate active Table 
*1 Program Table 1 
*2 Program Table 2 
*3 Subroutine Program Table 3 
*4 Enable/disable tape and/or printer output 
*5 Display real time, set clock 
*6 Display Input Storage data 
*7 Display Final Storage data 
*8 Final Storage dump to cassette tape 
*9 Final Storage dump to printer 
*A Memory allocation 
*B Signature Test 
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I. Execution Time for Controlling the Output Interval 
Enter ID: Display Description 
; Subroutine for execution time 
* 00: 00 ; Press * to get into program mode 
1 01: 00 ; Go to program Table 1 
A 01: 0.0000 ; Advance to execution interval 
1 01: 1 ; One second scanning rate. 
; Subroutine to Set 10 second execution 
time for data collection 
A 01: POO ; Advance to first instruction. Note that POO 
is the beginning of an instruction set. 
refer to 21XL PROMPT SHEET (PS) to select an 
instruction code for time. 
18 01: P18 ; 18 is instruction code for time from PS 
A 01: 00 ; Advance to parameter 1 (instruction 18 has 3 
parameters). Refer to Page 4-13 of 21XL 
Manual for more information 
0 01: 0 ; Enter 0 for 0.1 second into minute 
A 02: 0000 ; Advance to parameter 2 
100 02: 100 ; 100 is the result of 10/0.1 
A 03: 0000 ; Advance to parameter 3. The input location 
number must be entered here 
30 03: 30 ; 30 was selected since the program will not 
use more than 30 input locations. 
; Subroutine to compare the 10 second 
execution time with real clock time 
A 02: POO ; Advance to next instruction 
89 02: P89 ; Instruction 89 is selected to make the 
comparison between real time stored in input 
location 30 and fixed 10 second execution 
time (Page 7-9 of 21XL manual) 
A 01: 0000 ; Advance to parameter 1 of instruction 89 
30 01: 30 ; Enter the input location number of real time 
and advance to next step (Notice: from here 
on any number entered is followed by A to 
advance to next step. The program will not 
show A in the Enter column unless a new 
instruction is started. 
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Enter ID: Display Description 
1 02: 1 ; The program is advanced to parameter 2 and 
from 21XL-PS, option 1 is selected to 
compare X (value in location 30 ) with F 
(a fixed value) entered in next parameter. 
A is entered for advancing to the next 
parameter 
10 03: 10 ; 10 is a fixed value used for comparison 
10 04: 10 ; Enter 10 to set flag for parameter 4. 
This means that every 10 seconds, go to 
output processing instruction at the end of 
program to perform the execution. The 
execution time subroutine ends here. 
II. Input/Output Instruction Subroutine for Measuring Transducer Output 
The outputs of drawbar pull, and left and right axle torque 
transducers are measured with instruction set 6 that measures analog 
input voltage differences (refer to Page 3-16, and especially page 4-6 of 
21XL Manual). Output of the fuel and speed transducers are measured with 
instruction set 3 which measure pulse count input (refer to Pages 3-8 and 
4-3 of 21XL manual). 
Enter ID: Display Description 
; Subroutine to measure Drawbar Pull (KN) 
A 03: POO ; Advance to next instruction 
6 03: P6 ; Instruction 6 for voltage measurement 
1 01: 1 ; 1 repetition, since there is one transducer 
that measures the drawbar pull 
3 
CM O
 3 ; 50 mV at 16.66 ms is the range for the 
strain gage type used. 
1 03: 1 ; 1 for input channel (Fig. 13) 
1 04: 1 ; 1 for excitation channel 
5000 05: 5000 ; 5000 mV entered for excitation voltage 
1 06: 1 ; Enter 1 for storing drawbar pull in input 
location 1 
43.06 07: 43.06 ; Enter slope of calibration curve 
-28.1 08: -28.1 ; -28.1 for intercept. 
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Enter ID: Display Description 
Subroutine to measure Left Axle Torque 
A 04: POO Advance to next step 
6 04: P6 Measure left axle torque (KN-m) 
1 01: 1 1 repetition for one transducer 
3 02: 3 Range for strain gage (slow, 50 mV) 
2 03: 2 2 for input channel (Fig. 13) 
2 04: 2 2 for excitation channel 
5000 05: 5000 Excitation voltage, 5000 mV 
2 06: 2 Input location number for left axle torque 
1 07: 1 Slope from calibration curve 
-0.456 08: -0.456 Adjust reading to zero. 
A 05: POO Advance to next step 
37 05: P37 Enter calibration factors 
2 01: 2 Take value in input location 2 
16 02: 16 Multiply it by slope (Fig. 10) 
2 03: 2 Store it back in location 2 
A 06: POO Advance to next step 
34 06: P34 Add the intercept 
2 01: 2 Take value in location 2 
0.136 02: 0.136 Enter the intercept 
2 03: 2 Store left axle torque in location 2 
Subroutine to Measure Right Axle Torque 
A 07: POO Advance to next step 
6 07: P6 Measure Right axle torque (KN-m) 
1 01: 1 1 repetition for one transducer 
3 02: 3 Range for strain gage (slow, 50 mV) 
3 03: 3 3 for input channel (Fig. 13) 
3 04: 3 3 for excitation channel 
5000 05: 5000 Excitation voltage, 5000 mV 
3 06: 3 Input location number for right axle torque 
1 07: 1 Slope from calibration curve 
0.089 08: 0.089 Adjust the reading to zero 
A 08: POO Advance to next step 
37 08: P37 Enter slope 
3 01: 3 Take value in input location 3 
16 02: 16 Multiply it by slope (Fig. 10) 
3 03: 3 Store it back in location 3 
A 09: POO Advance to next step 
34 09: P34 Add the intercept 
3 01: 3 Take value in location 3 
0.136 02: 0.136 Enter the intercept 
3 03: 3 Store right axle torque in location 3 
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Enter ID: Display Description 
; Subroutine to Measure Front Wheel Speed 
(km/h) 
A 10; POO ; Advance to next step 
3 10: P3 : Enter instruction set 3 to measure Pulse 
count output from front wheel transducer 
(refer to Pages 3-8 and 4-3) 
1 01: 1 ; 1 repetition 
1 02: 1 ; 1 for first input channel 
0 03: 0 ; 0 configuration to record all counts 
4 04: 4 ; Input location for front wheel speed 
161 05: 0.161 ; calibration factor for front wheel speed 
0 06: 0 ; 0 intercept. 
; Subroutine to Measure Rear Wheel Speed 
(km/h) 
A 11: POO ; Advance to next step 
3 11: P3 ; Enter instruction set 3 to measure Pulse 
count output from rear wheel transducer 
1 01: 1 ; 1 repetition 
2 02: 2 ; 2 for input channel number 
0 03: 0 ; 0 configuration to record all counts 
5 04: 5 ; Input location for rear wheel speed 
0.161 05: 0.161 ; calibration factor for rear wheel speed 
0 06: 0 ; 0 intercept. 
; Subroutine to calculate slip (%). Slip is 
calculated as (Vj- - Va)*100/Vt where and 
Vg are the rear and front wheel speed, 
respectively. Therefore instructions 35, 
37, and 38 are used to perform the 
subtraction, multiplication, and division 
A 12: POO ; Advance to next step 
35 12: P35 ; Instruction to do the subtraction 
5 01: 5 ; Input location of V^-
4 02: 4 ; Input location of 
6 03: 6 ; Store in location 6. 
A 13: POO ; Advance to next step 
37 13: P37 ; Instruction to do the multiplication 
6 01: 6 ; Value in input location 5 
100 02: 100 ; Fixed value of 100 for multiplication 
7 03: 7 : Store (V(. - Va)*100 in location 7. 
A 
38 
7 
14: POO 
14: P38 
01: 7 
Advance to next step 
Instruction to do the division 
Take the value in location 7 
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Enter ID: Display 
5 02 5 
8 03 8 
A 15 POO 
3 15 P3 
1 01 1 
3 02 3 
0 03 0 
9 04 9 
3.599 05 3,599 
0 06 0 
A 16 POO 
3 16 P3 
1 01 1 
4 02 4 
0 03 0 
10 04 10 
3.599 05 3.599 
0 06 0 
A 17 POO 
35 17 P35 
9 01 9 
10 02 10 
11 03 11 
A 10 POO 
17 18 P17 
12 01 12 
A 19 POO 
14 19 P14 
1 01 1 
1 02 1 
8 03 8 
1 04 1 
12 05 12 
13 06 13 
1 07 1 
0 08 0 
Description 
Divide value in location 7 by value in 
location 5 
Store the result (slip) in location 8. 
Subroutine to Measure Fuel Consumption (L/h) 
Advance to next step 
Instruction set for input fuel flow 
1 repetition 
3 for input channel of input fuel flow 
Configuration code (high frequency) 
Save input fuel flow rate in location 9 
Calibration factor 
No intercept. 
Advance to next step 
Instruction subroutine for return fuel flow 
1 repetition 
4 for input channel of return fuel flow 
Configuration code (high frequency) 
Save return fuel flow rate in location 10 
Calibration factor 
No intercept. 
Advance to next step 
Subroutine to calculate fuel consumption 
Take value of input fuel flow rate 
Subtract return fuel flow rate from input 
fuel flow rate 
Store the result (Fuel consumption) here. 
Subroutine to measure Temperature (°C) 
Advance to next step 
Measure Panel (inside) temperature 
Store panel temperature in location 12. 
Advance to next step 
Instruction to measure outside temperature 
One repetition 
Range code (slow, 5 mV) 
Use differential channel 8 for temperature 
1 for type 1 thermocouple 
Location of panel (inside) temperature 
Store outside temperature in location 13 
1 for multiplier 
0 for offset. 
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III. Output processing instruction - This instruction controls the 
rate at which the data are sent to a peripheral. 
Enter ID: Display Description 
; Subroutine for time format 
À 20: POO ; Advance to nest step 
77 20: P77 ; Enter real time 
111 01: 111 ; Code for time format (DAY, Hr-Min, Sec.) 
; Subroutine for Averaging the samples 
A 21: POO ; Advance to next step 
71 21: P71 ; Instruction code for averaging 
13 01: 13 ; 13 repetition to be average 
1 02: 1 ; Start from location number 1 
*0 LOG 1 ; This ends and compiles the program. 
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PROGRAM / DATA STORAGE AND RETRIEVAL 
The program/data can be stored or retrieved via cassette tape 
recorder. Also the printer can be used for hard copy printout. 
Interface the printer and cassette tape recorder to the 21XL as shown in 
Figure 37 and proceed as follows; 
Save and Load Program 
The command * D is used to save or load a program to and from 
cassette tape. The following steps must be taken whenever a program is 
saved or loaded: 
Saving a Program on Cassette Tape 
1. Connect the cassette tape recorder to the 21XL as shown 
in Fig. 37. 
2. Simultaneously press the record and play button on the recorder. 
Tape will not move until * D operation is completed 
3. Enter * D, 21XL displays 13:00. Now, select 3 for saving the 
program from * D option and press A to initiate the dump. Wait 
until program is saved on the tape. The 21XL will display 
13:0000 when the tape reaches the end of program. 
Loading a Program from Cassette Tape 
1. Connect the cassette tape recorder to 21XL as before and follow 
the steps below. 
2. Position the cassette tape at the start of the program and press 
the play button on the cassette tape recorder and set recorder 
volume in middle. 
3. Enter * D, select 4 for loading program from tape. Enter A to 
initiate loading. Wait until 13:0000 is displayed on 21XL. 
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» 
Figure 37. Data acquisition interface system set up 
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Getting a Printout of the Program 
1. Connect the printer to 21XL and follow the steps below: 
2. Turn the printer on 
3. Enter * D and select print option by entering "1 A" 
4. 21XL displays 01:00, select 1200 for printer baud rate by 
entering "1 A", when printing is done, 21XL displays 13:00. 
Sending Data to Cassette Tape, Printer, or Both 
1. Connect the cassette tape recorder and printer to 21XL as shown 
in Figure 37 and follow the steps below. 
2. Enter * 4, the 21XL provides you the enable/disable tape 
and/or printer output and the baud rate code options below. 
3. Select one of the following option pairs and then enter "* 0" to 
compile the program. 
Code Description 
01: 00 Printer and Tape disable 
01: 01 Printer enable only 
01: 10 Tape enable only 
01: 11 Printer and tape enable 
Baud Rate Code 
02: 00 
02: 01 
02: 10 
02: 11 
Description 
Printer at 300 baud rate (default setting) 
Printer at 1200 baud rate 
Printer at 9600 baud rate 
Printer at 76800 baud rate. 
132 
Setting and Displaying the Time and Date 
The * 5 mode is for setting time and date. The sequence of time 
parameters displayed in the * 5 mode is given below. For more 
information refer to Page 2-13 of the 21XL Manual. 
Enter Display Descriptions 
* 5 :HH:MM:SS Display current time 
A 05: XX Display/Enter year 
A 05: xxxx Display/Enter Julian day 
A 05: HH:MM Display/Enter hours: minutes 
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Data Transfer to Remote Computer 
Data stored on the cassette tape can be retrieved and sent to a 
remote computer using the C20 Interface System. To do so, connect the 
microcomputer and the cassette tape recorder to the C20 interface system 
as shown in Figure 38 and follow the steps listed below. 
1. Set the switches on the C20 front panel as shown in Figure 38 
2. Load the BASIC program called "DATADUMP" in the microcomputer 
and run the program. Enter the file name to save data. DO NOT 
HIT RETURN YET. 
3. Position the tape at the start of the data on the tape and press 
the play button on the tape recorder. NOW HIT RETURN TO SAVE 
THE DATA. 
Reference 
21XL Operator's Manual. Campbell Scientific Inc., Logan, Utah, 
June 1984. 
134 
C20 Interface 
Port A REM Microcomputer 
Serial Port 
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Tape Recorder 
Switch Setting '• 11000110 
Figure 38. Data analysis system set up 
